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Preface
SEQUAL is a device simulation program which performs a quantum mechanical 
analysis of electron transport. The user need not be an expert in quantum mechanics to 
obtain useful results from this program, although an understanding of the subject is an 
invaluable aid in the interpretation of output. For this reason,, the theoretical formula- 
tion of the analysis is presented in some detail, following a brief introduction. The 
knowledgeable (or anxious) user may turn directly to the discussions of input and out- 
put in Chapters 3 and 4. The reader is cautioned, however, not to skip Chaper 2 
entirely. At the heart of many a program "error' lies a misinterpretation of output.
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Introduction
SEQUAL is a device simulation program, computing Semiconductor Electrostat­
ics by QUantum AnaLysis. Given the characteristics of a particular device, SEQUAL 
will compute the electron density and the current density, using a quantum mechani­
cal description of electrons. To enhance the versatility of this program, it was 
designed to be a post-processor for classical simulation programs; as such, it does not 
calculate any material parameters, so it can be used with any material system. 
Instead, SEQUAL relies upon the output from classical analysis programs such as 
FISH1D, PUPHS, or SEDAN, to provide the description of a device. A direct com­
parison of classical and quantum mechanical results is then possible.
Often (for devices which merit the use of this program) the difference between 
classical and quantum mechanical results is significant. In such cases, the difference 
in electron density places the classical description of the electrostatic potential in 
doubt. The quantum mechanical distribution of space-charge demands a solution for 
the electrostatic potential which is self-consistent. When a self-consistent solution is 
desired, SEQUAL allows for iteration between calculations of the electron density and 
the electrostatic potential. Hence, SEQUAL can provide a correct solution of quan­
tum mechanical electrostatics.
Figure 1.1 depicts the input/output structure of SE QUAL. A numerical descrip­
tion of the device, obtained from the output of a classical analysis program, is the pri­
mary source of input. In addition, SEQUAL accepts a list of commands called the 
“input deck,” which allows for selection of program options. A summary of the 
analysis is written to standard output, in a form well suited to printing. SEQUAL 
does not produce any plotted output, since undoubtedly the user has a program 
favored for this purpose. Instead, SEQUAL can generate output files in a variety of 
formats, to interface with many plotting programs. Quantities available for writing 
to output files include the input device description, the electron density, the transmis­
sion coefficient, and the squared magnitude of the electron wavefunction, output as a 
surface in both position and energy spaces.
The following chapters are intended not only to describe the operation of 
SEQUAL, but also to provide some understanding of the calculations performed. In
Chapter 2, the theoretical formulation of the analysis is discussed. Some of the 
difficulties encountered in a numerical implementation of the theory are noted, and an 
approach is outlined, which is used by SEQUAL to insure accurate results. Chapter 3 
details the input structure of SEQUAL, specifying both the syntax of the input deck 
and the format of the device description. Program output is discussed in Chapter 4, 
and an example calculation is presented in Chapter 5. Finally, Chapter 6 examines 






Figure 1.1: Structure of input/output in SEQUAL
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T h eoretica l F orm ulation
The computations performed in SEQUAL are based upon a number of simplifying 
assumptions:
• Electrons are assumed to be majority carriers; holes are completely ignored 
in the analysis.
• Profiles of doping density and material composition assumed to vary in only 
one dimension (hereafter referred to as the “longitudinal direction”).
• Effects of the crystal potential are parameterized by an effective mass, which 
is constant in each material region, and which changes abruptly at a 
material interface.
•  Solutions reflect steady-state conditions, and are independent of time.
• The energy dispersion relation is assumed to be parabolic.
• Electron-electron interactions are neglected.
• Transport is assumed to be ballistic; overall device dimensions are assumed 
to be sufficiently short, so that scattering can be neglected.
A pictorial representation of the analysis is presented in Figure 2.1(a). Contacts, 
assumed to be in local thermodynamic equilibrium, inject electrons into a device, with 
a spectrum of wavevectors k. These electrons interact with the potential profile Ec ; 
some are transmitted across the structure, and the remainder are reflected back to 
the injecting contact. Contacts are assumed to supply a continuum of electron ener­
gies, and these energies are referred to as “propagating states.” If inelastic scattering 
were included in the model, some of the injected electrons could scatter into states of 
lower energy. In particular, some electrons could scatter into states which could not 
be populated by either contact. Such energies, which fall below the conduction-band
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edge of either contact, are referred to as “bound states.” Solutions of the 
Schrddinger equation for both propagating states and bound states are described 
below. Because the primary importance of SEQUAL is its application to transport 
problems, the solution for propagating states is considered in more detail.
2.1. Propagating Electronic States
2.1.1. Solution of the Schrddinger Equation
Quantum mechanically, an electron is represented by a wavefunction 





dz . m*(z) dz
h2k 2
E = — r




Ec(z) M z) =  0 (2-1)
is the energy of the injected electron in the direction of propagation, and 
Et -  ~ r ( kl  +  ky)
2mc
is the energy in transverse directions. In the form presented above, the Schrddinger£
equation accounts for spatial variations in the effective mass m (z), relative to the 
effective mass of the injecting contact (mc). The conduction-band profile Ec(z) is 
assumed to be known for a particular device.
An arbitrary potential profile can be described by segmenting a device into a 
number of tiny intervals, as shown in Figure 2.1(b). Each interval is delineated by 
points in position space called “nodes.” Within each interval, the potential is approx­
imated by its average value. Of course, intervals should be sufficiently small to accu­
rately represent a potential profile. In an region of constant potential, the solution of 
the Schrddinger equation is some linear combination of plane-waves; hence, the 
wavefunction for an entire device is deduced by matching boundary conditions 
between plane-wave solutions in each interval.
In this respect, the solution of the Schrddinger equation is equivalent to a 
transmission line analysis. Each interval of constant potential acts like a small
4 SEQUAL User's Manual October 3, 1987
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: (b) :
Figure 2.1: (a) Electrons are injected from contacts into a device with an arbitrary
potential profile; and (b) any potential profile can be represented by a 
series of tiny intervals, in which the potential is approximately constant.
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section of transmission line with a constant impedance. At the junction between two 
transmission lines, voltage and current must be continuous. Similarly, proper solu­
tions of the Schrbdinger equation require continuity of:
M z) and ~ h ~ 7 i!~ M z)m (z) oz K
at the boundaries between each interval of constant potential. Just as a voltage 
plane-wave would be reflected by a mismatch in impedance, the electron wavefunction 
is reflected by changes in the conduction-band profile. When interpreting the results 
of an analysis, it is useful to keep this analogy at the back of one’s mind: Many 
quantum mechanical effects (e.<7., tunneling, resonance states, etc.) can be understood 
in the general context of wave phenomena.
2.1.2. Calculation of Electron Density and Current Density
Because each contact injects electrons into a device, the electron density can be 
resolved into two components:
n(z) =  n‘^ r(z) +  Iir^ 1(Z) (2.2)
Electrons injected from the left contact (node 0) are labeled l—*r; those injected from 
the right contact (node N) are labeled r —►/. Each component is obtained by integrat­
ing the squared-magnitude of the wavefunction over the entire spectrum of waVevec- 
tors:
o° dk "
■•¥ " l* )1 5 >' (2.3)
00 dk
=  {  1 7  1 1 2 ( M
where the factors o(kz) represent the integration over transverse wavevectors kx and
kr : '
, m,*kfiT Ie2V2
=  — TT-M  I +  exp[(EF -  Ec(O) -  ~ 4 )  / kBT]]
Tm 2mc
. HnkfiT fi2k 2
= - ^ l n (  I +  exp((EF -  Ec(N) - - 4 )  /  kBT|]
Tm 2mc
Here, Ef is the Fermi-level in the injecting contact; mc* is the effective mass in the 
injecting contact; Eq(O) and Eq(N) are the conduction band energies at nodes 0 and N
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(left and right contacts, respectively); T is the temperature; and kz is the incident 
wavevector, in the direction of propagation.
Notice that, in the Schrddinger equation (2.1), the wavefunction is depen­
dent on the transverse energy Et. It was assumed in the derivation of (2.3) and (2.4) 
that this dependence is weak, so that the wavefunction is approximately constant 
over all transverse wavevectors. The wavefunction is then evaluated at a single, 
representative Et, and removed from the transverse integration. Hence, the integra­
tion over transverse wavevectors was performed analytically, and the result is embo­
died in the factors <r(kz). Normally, the representative transverse energy is assumed 
to be the thermal average energy, kBT. Although this assumption is reasonable in 
many cases, it is strictly an approximation. A rigorous calculation would require an 
evaluation of the wavefunction at all (longitudinal and transverse) wavevectors. Such 
a calculation would increase execution time tremendously, to the point where compu­
tations are no longer tractable.
Current density for electrons can also be resolved into two components, due to 
the two, oppositely flowing streams of electrons:
J = J1^ r -  JM  (2.5)
where
J1- '  _  _ g £  J  - J L  k T l - ( y  O1- rOc,) (2.6)
IDc 0 27r
a_ (Ik
Jr- '  =  k« T” '(k-) 0^ 1Ik *) (2-7)
mc 0 M
The functions T1->T(kz) and Tr-"1^ )  are the transmission coefficients from left to 
right, and from right to left, respectively. Each represents the fraction of injected 
electrons which propagate across the entire device. Each is proportional to the 
squared-magnitude of the wavefunction, at the proper end of the device:
T 1- 1Ik1) CC I 4 7 ' ( N )  I2 T r- lIkj) c c  I V C 1(O)I ”
In essence, therefore, both the electron density and the current density are deter­
mined by integrating the squared-magnitude of the wavefunction.
October 3, 1987 SEQUAL User's Manual 7
2.1.3. Numerical Integration Concerns
By using the formulas presented above, calculation of the electron density and 
current density is straightforward: A grid of wavevectors kz is chosen for the injec­
tion of electrons, and the squared-magnitude of the wavefunction is integrated over 
that grid. The remaining difficulty lies in determining a suitable grid of wavevectors. 
Naively, one might assume that a uniform mesh (if sufficiently dense) would provide 
adequate resolution; this is not the case. Consider, for example, electrons experienc­
ing a transmission resonance. For certain device geometries, it is possible to achieve a 
large transmission of electrons at particular (resonant) wavevectors. In this case, the 
wavefunction peaks sharply at resonance, and is nearly zero at all other wavevectors. 
If resonances are sufficiently sharp, they could be missed entirely by a uniform mesh. 
Even if a series of successively finer meshes were used, there is no guarantee that the 
wavefunction would be properly resolved. Aside from being an inefficient solution, 
therefore, the use of a uniform mesh is a little like playing Russian Roulette.
To insure proper resolution of the wavefunction, the following approach is used 
in SEQUAL. For each direction of propagation, electrons are injected at uniform 
intervals in kz-space. In each interval of kz-space, the squared-magnitude of the 
wavefunction is examined for a local maximum. If a maximum is found to exist some­
where in the interval, then the exact wavevector corresponding to the maximum is 
calculated. The process by which a maximum is detected and located in kz-space is 
somewhat complicated, and is unimportant for this discussion. By isolating wavefunc­
tion maxima, it is assured that all features of the wavefunction will be resolved 
clearly.
The integrations required by equations (2.3-2.6) could be performed by a variety 
of numerical techniques. In SEQUAL, Gauss-Legendre quadrature was chosen, 
because it offers high accuracy with a comparatively small number of wavefunction 
evaluations. The “order” of the integration process refers to number of mesh points 
in an interval; mesh points are chosen by mapping zeroes of Legendre polynomials 
into a given interval. An estimate of the error obtained for a particular interval is 
calculated by comparing the results from different orders of integration.
An overview of the entire process of injection and integration is as follows. A 
uniform grid of wavevectors is used to isolate maxima in the squared-magnitude of 
the wavefunction. The wavevectors corresponding to maxima define a grid of integra­
tion intervals, in which the wavefunction is smooth and well-behaved. Within each 
integration interval, successive orders of Gauss-Legendre quadrature are applied, until 
the accuracy of the result is acceptable. In principle, the process of isolating m a vim  a 
in kz-space could be performed at each node. Realistically, however, it need only be
8 SEQUAL User's Manual October 3, 1987
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performed at those nodes for which the wavefunction varies most rapidly in kz-space. 
By default, SEQUAL performs isolation of maxima for the first and last nodes (nodes 
O and N) of a device. Because of “standing-wave” patterns produced by reflection,, 
the wavefunction varies most rapidly at the contact nodes. Other nodes for which 
rapid variations are expected (e.g., resonance states) can be specified at the time of 
execution.
2.2.j Bodhd Electronic States
In contrast to the propagating electronic states considered in the preceding sec­
tions, bound states cannot be populated by either contact. In a real device, electrons 
injected from the contacts could inelastically scatter into states of lower energy; how­
ever, inelastic scattering has been neglected in SEQUAL, thereby removing the link 
between propagating states and bound states. In many cases, the density of electrons 
residing in bound states can be significant. This contribution is particularly impor­
tant if a self-consistent solution of the electrostatic potential is required. For this 
reason, SEQUAL allows for the consideration of bound states.
Bound state energies are determined by solving for the eigenvalues of the 
Schrbdinger equation (2.1), written in finite-difference form. It is assumed that the 
wavefunction vanishes at both ends of the device; hence, the spatial location of bound 
states should be sufficiently removed from the contacts. The actual solution of the 
eigensystem is performed by an International Mathematical and Statistical Library 
(IMSL) routine eigrf. Given the eigenfunctions t/^z) and the energy eigenvalues e-v the 
electron density for each state is determined by:
n,(z) =  m y  B • I i\(z) I 2 In Jl + exp J (Ef -  ej)/kBT j j (2-8)
where Ef is the Fermi-level, which is assumed to be constant across the entire device. 
This result was obtained by assuming that states are populated according to Fermi- 
Dirac statistics, an assumption which is valid only in equilibrium. For each bound 
state, a two-dimensional electron density can be calculated by integrating the electron 
density nj(z) over the length of the device:
J —D kBT
I 2TT
J l + exp J(Ep -  Ci)A bt ]] J  dz m*(.z) I V>i(z) I 2 (2-9)
Of course, a finite-difference formulation with nodes O to IVin position-space will 
have N+l eigenvalues; of these, only the states which cannot be populated by either 
contact are considered to be bound states. That is, states are “bound” if the energy
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eigenvalue q is below the conduction-band edge of either contact. The total (three- 
dimensional) density of bound-state electrons, therefore, is the sum of contributions 
from each bound state:
M>(z) E  ni(z)
■:T
(2 . 10)
where the index i is restricted according to: 
{ i I q <  Ec(O), £j <  Ec(N) }
2.3. Iteration for Self-C onsistency
In the preceding sections, a method was described for the calculation of electron 
density, assuming that the conduction-band profile was known. In general, the 
conduction-band profile is determined by two components: a static component
AEq(z), describing the offset of the band edge in different material layers, and the 
electrostatic potential <I>(z):
Ec(z) =  AEc(z) -  q$(z)
Of course, the electrostatic potential can be determined, given the electron density, 
by solving the Poisson equation:
_d_
dz /:r(z) '0 ^  + W •1 |W («) -  n(z) I (2 .10)
where Ar(z) is the (position-dependent) relative dielectric constant, and Nq(z) is the 
density of ionized donors.
For a proper analysis of any device, the solutions for both the electron density 
and the electrostatic potential should be self-consistent. In SEQUAL, a fully self- 
consistent solution can be obtained by iterating between the solutions for each quan­
tity; an overview of the iteration process is presented in Figure 2.2. After an initial 
guess of the electrostatic potential has been input, the electron density n°(z) is calcu­
lated. If iteration is not allowed, the process terminates, yielding a solution of elec­
tron density for the given potential profile. If iteration is specified, however, a better 
guess for the electrostatic potential is determined, by solving the Poisson equation. 
The corresponding electron density is then calculated, and the process is continued. 
Iteration is terminated when the calculations converge to a certain number of 
significant figures, or when the iteration counter i reaches some maximum value.
10 SEQUAL U ser's Manual October 3, 1987
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Figure 2.2: Flowchart for a self-consistent solution
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P rogram  Input
3
SEQUAL accepts two kinds of input: the device description, and the input deck 
(see Figure 1.1). Output from a classical analysis program constitutes the device 
description, a file containing columns of numbers which characterize the device in one 
dimension. One column is a list of “nodes,” or positions in space; all other columns 
list the value of a quantity (t.e., the conduction band energy, the effective mass, etc.) 
at each node. The second source of input, the input deck, is a list of commands 
which control the operation of SEQUAL. These commands specify the format of 
input and output files, modify the default values of input variables, and select a 
variety of program options. Descriptions of both types of input are presented in 
detail, below.
3.1. Device Da,ta
The numerical representation of a device is obtained primarily from a file con­
taining several columns of floating-point data; each column represents a different 
input quantity. Data can be stored in either ASCII or (Fortran 77) binary format. 
Files containing the necessary information are typically generated as output from a 
classical analysis program. To provide a flexible interface for many different pro­
grams, the quantity associated with each column can be specified in the input deck; 
therefore, data columns can appear in any order. Moreover, the units of input quan­
tities can be specified, if they differ from the default units in SEQUAL. (For details of 
the input deck, see section 3.2, below.)
Possible input quantities are listed in Table 3.1. Notice that it is not necessary 
to have all six quantities specified in the device description file. If it is more con­
venient, profiles of the donor doping density, the effective mass, and the dielectric 
constant can be specified in the input deck. Because these quantities are usually con­
stant over large regions (e.g,, in a particular material layer), it is doubtful that all 
classical analysis programs would provide their value at each node. If tabular output 
of these quantities is unavailable, specifying the values in the input deck is a more 
convenient approach than modifying output to include the extra columns. Notice also 
that unless a self-consistent solution is required, profiles of the electrostatic potential
SEQUAL User's Manual Octobers, 1987
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“Device D ata’ ’ Input Quantities
Q uantity Units Necessary for 
Program Execution
position-space grid cm •
conduction-band profile eV •
electrostatic potential V t
ionized donor doping density -3cm t ■ ; ■ ,
effective mass ( mo) t
dielectric constant K )
t May be specified alternatively in the input deck. 
I Necessary only for a self-consistent solution.
Table 3.1: Suimnary of possible input quantities for device data input file:•
Input quantities represented by the columns below are in the default order:
p o sitio n co n d u c tio n  
b a n d  profile
e le c tr o s ta t ic
p o te n t ia l
ion ized  donor  
d o p in g  d en sity
effective
m ass
d ie lectr ic
co n sta n t
0 .0 0 0 0 0 0 e+ 0 0 0 .0 0 0 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0.0670 12.8464
1 .000000e-07 0 .0 0 0 0 0 0 0 .000000 2.0OOQOOe+18 0 .0670 12.8464
2 .000000c-07 0 .0 0 0 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0 .0670 12.8464
3 .000 0 0 0 e-0 7 0 .0 0 0 0 0 0 0 .000000 2 ,0 0 0 0 0 0 e+ 1 8 0.0670 12.8464
4 .0000006-07 0 .0 0 0 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0 .0670 12 .8464
4 .990 0 0 0 e-0 7 0 .0 0 0 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0.0670 12 .8464
5 .000000e-07 0 .3 6 5 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0 .08953 11 4705
6 .000 0 0 0 c-0 7 0 .3 6 5 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0 .08953 11.4705
7 .000 0 0 0 c-0 7 0 .3 6 5 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0.08953 11 .4705
8 .000 0 0 0 e-0 7 0 .3 6 5 0 0 0 0 .00 0 0 0 0 2 .0 0 0 0 0 0 e+ 1 8 0 .08953 11 .4705
9 .000 0 0 0 e-0 7 0 .3 6 5 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0.08953 11 .4705
9 .990 0 0 0 e-0 7 0 .3 6 5 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0 .08953 11.4705
I . OOOQOOe-OO 0 .0 0 0 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0.0670 12 .8464
1 .100000e-06 0 .0 0 0 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0 .0670 12.8464
1 .200000e-06 0 .0 0 0 0 0 0 0 .000000 2. OOOOOOe+ 1 8 0 .0670 12.8464
1.300000^ -06 0 .0 0 0 0 0 0 0 .000000 2. OOOOOOe+ 1 8 0.0670 12.8464
1 .400000e-06 0 .0 0 0 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0.0670 12.8464
1 .500000e-06 0 .0 0 0 0 0 0 0 .000000 2 .0 0 0 0 0 0 e+ 1 8 0.0670 12.8464
Figure 3.1: Example listing of a device-description input file in ASCTI format
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and the dielectric constant are not required. These two quantities are used only in 
the solution of Poisson’s equation, and are therefore unnecessary if iteration is not 
allowed. Commonly, the device description file will contain only the position-space 
grid and the conduction-band profile; all other quantities will be specified in the input 
deck, or will be unnecessary.
From the above discussion, it would seem that the conduction-band profile must 
always appear in the data description file. This is not exactly the case. The 
conduction-band profile is composed of two parts:
Ec(z) = AEc(z) — qV(z)
where V(z) is the electrostatic potential, and AEq(z) specifies the offset of the conduc­
tion band in different material layers. For a device fabricated with a single material, 
AEc(z) is zero (or some arbitrary constant) everywhere. The alignment of energy 
bands for differing materials, however, produces some offset in the conduction-band 
edge, described by AEc(z). An alternative to specifying the conduction-band profile, 
therefore, is specifying both the electrostatic potential V(z) and the conduction-band 
offset AEc(z). In fact, SEQUAL requires a knowledge of all three quantities for a 
self-consistent solution, so at least two must be specified at the start of execution. In 
a self-consistent solution, the conduction-band profile is calculated at the beginning of 
each iteration by adding contributions from the (constant) offset potential and the 
(updated) electrostatic potential.
An example of a simple device description file in ASCII format appears Figure
3.1. The device which it represents is composed of three material layers—two layers of 
GaAs sandwiched around a layer of AlGaAs. Each layer is 5.0x l0-7 cm (50 A) thick, 
so the overall device length is 1.5xl0-6 cm (150 A). The GaAs layers have an electron 
effective mass of m = 0.067m0, and a dielectric constant of e = 12.8464e0. The 
AJGaAs layer has an electron effective mass of m = 0.08953mo, and a dielectric con­
stant of € — 11.4705e0. An offset of 0.365 eV in the conduction-band edge of AlGaAs 
can be seen clearly in the conduction-band profile, since the electrostatic potential 
was assumed to be zero. Note that the nodes on either side of a material interface 
are closely spaced, so that the change in the conduction-band edge at the interface is 
abrupt. Finally, the entire device was assumed to have a ionized donor density of 
2x l018 cm-3.
14 SEQUAL User's Manual October 3, 1987
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3.2. Input Deck
In days of old, when “small” computers fit neatly in a warehouse, and their 
operators spoke a language no one else understood, the preferred method of input was 
the punched card. Each line of input was recorded on a card; each file was created 
by stacking cards in order. Although card-punch machines have become obsolete, 
their associated terminology has not. The following description of SEQUAL’s input 
“deck” is but one example of jargon refusing to die.
In SEQUAL, the user controls program operation via the input deck, a short file 
of commands read from standard input. Essentially, the input deck is a list of assign­
ment statements, specifying particular values for SEQUAL’s input parameters. Each 
input parameter is represented by a key word, and logically related “keys” are 
grouped together on a command line or “card.” Figure 3.2 illustrates the input deck 
syntax. Each card begins with the card name, and is followed by a list of assignments 
to various keys. A single card can be continued on any number of lines by specifying 
the continuation character "+" In place of the card name. Note that space is-not 
allowed around the equal sign in an assignment to a key, although anywhere else the 
use of white space (including spaces, tabs, and commas) is encouraged, to promote 
legibility. Blank lines and comment lines are also allowed. A comment line is defined 
as any line beginning with a character which is neither alphabetic nor the + con­
tinuation character. Notice from Figure 3.2 that a single key can be assigned multi­
ple values (as many as IQ values), by separating each value with a slash; white space 
is not allowed between values and slashes. A multiple-value assignment can also be 
continued on any number of lines, as shown in Figure 3.2.
The use of multiply-valued keys will become clear as the details of each input 
card are explained. Consider, however, the following card, which specifies the electron 
effective mass in a number of material layers:
matter nodes—5/11/17 emass=0.067/0.08953/0.067
This is the input deck specification of effective mass, for the example considered in 
Figure 3.1. The key nodes is assigned the ending nodes for three different material 
layers. The first layer (GaAs) is defined by nodes 0-5; the middle layer (AlGaAs), by 
nodes 6-11; and the final layer (GaAs), by nodes 12-17. The key emass is assigned the 
electron effective mass in each of the three material regions. The other use of 
multiply-valued keys is illustrated by the following card, which specifies the tempera­
ture of a device:
device tem p=77.0/300.0 b ias= 0.0
Since two temperatures are specified for the key temp, two separate calculations will
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cardname key 1— value key2 =  value
Continuation of a Single Card:
cardname key l= value 
+  key 2=  value
+  key 8=  value
Assigning M ultiple Values to  a Single Key:
cardname keyl— value I /value 2/value S
Continuation of Assignm ent o f M ultiple Values:
cardname keyl=  value I /value 2/value 8 
+  keyl=  value4 / value 5
+  keyl=  value 6/value 7
Comment Line:
? If the first character on a line is neither alphabetic 
? nor a "+" the rest of the line is ignored.
Typical Input Deck Card:
Figure 3.2: Syntax of cards in the input deck
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be performed—one at 77° K, and the other at 300° K. Notice that although two 
temperatures are specified, only one bias is given. Both calculations, therefore, are 
performed at the stated bias. To perform one calculation at 77 ° K with zero bias, 
and another at 3000 K with a bias of 0.1 V, one would use:
device temp=77.0/300.0 bias=0.0/0.1
In general, every key is allowed to have multiple values. Certain keys (such as temp 
and bias) direct SEQUAL to perform several different calculations; other keys (such as 
nodes and emass considered above) specify information which remains the same for all 
calculations. Given an input deck, SEQUAL first extracts all of the data from “glo­
bal information” keys. Remaining keys (“control” keys) are then examined to deter­
mine the number of calculations to be performed. The first value of each control key 
is used in the first calculation; the second value, in the second calculation, and so on. 
When a list of values for a particular key has been exhausted, the last value of that 
key is used in any subsequent calculations. The following card,
device temp=77.0/200.0/300.0 bias=0.0 
is equivalent to
device temp=77.0/200.0/300.0 bias—0.0/0.0/0.0 
although it demands less typing.
Hence, the use of multiply-value keys can greatly increase the power of the input 
deck in SEQUAL. Global information keys can be used to specify those device 
parameters which are not available in tabular form. Control keys can be used to 
direct SEQUAL to perform a number of similar calculations in a single program exe­
cution. The remainder of this chapter is devoted to a detailed explanation of each 
program key. Further examples of program operation will be presented in Chapter 5.
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i n p u t  specify format of device description file
Default State:
input file=seq.in format= zevdmk ascii=true
The name of the device description file is specified by the file key of the 
input card. Since file is a control key, several different device descrip­
tions can be processed in a single execution of SEQUAL, by assigning 
file to each of the file names. Note that, in SEQUAL, a file name (or 
the value assigned to any key, for that matter) is limited to 15 charac­
ters.
form at To enhance the flexibility of SEQUAL’s interface with the output of 
other programs, data columns in the device description file can appear in 
any order. The order is simply specified in the format key of the input 
card. The quantity associated with each column of the data description 





d Ionized donor doping density
m Electron effective mass
k Relative dielectric constant
? (column is ignored)
Notice that it is possible for a device description file to contain extrane­
ous columns, which do not correspond to any input quantities. These 
columns, referred to by a question mark in the format specification, are 
read and ignored. For example, suppose a classical analysis program 
outputs data in tabular form, with the columns: position-space grid, 
electron density, hole density, ionized donor density, electric field, and 
conduction-band profile. Of these quantities, only the position-space
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grid, the ionized donor density, and the conduction-band profile are 
desired for input. The format specification for such an input file would 
be:
input format=z??d?e
Note that space is not allowed between the different characters in a for­
mat specification.
ascii A device description file can be stored in either ASCII or (Fortran 77)
binary format. The storage type is specified with the ascii key of the 
input card:
Value Implication
true File is in ASCII format
false File is in (Fortran 77) binary format
Files in ASCII format contain floating-point data represented by ASCII 
characters. This is the normal method of output, since data can be 
listed easily. Files in binary format contain floating-point data 
represented in the computer’s internal format. Acceptable binary- 
format files must have been produced by a Fortran 77 program, and 
quantities written must have been single-precision (real), floating-point 
numbers/ Files in binary format have the advantage of demanding less 
storage space than equivalent files in ASCII format.
* Of course, if the precision of floating-point variables is somehow doubled by the 
compiler, then input quantities will be expected to be double precision.
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scale change the units of input quantities in the device description file
Default State:
scale cm= 1.0 e v = 1.0 v = 1.0 cm**-3= 1.0
If quantities in the device description file are not in the units required by 
SEQUAL, they can be scaled automatically by specifying an appropriate 
scale factor. Only values in the device description file are converted. 
Values in the input deck are assumed to have the appropriate units.
cm The length scale of the position-space grid is altered by the cm key. For
example, if the position of each node is in units of microns (I fim =  IO-6 
m), the appropriate scale factor would be: ■
scale cm=1.0e4
ev The energy scale of the conduction-band profile is altered by the ev key.
For example, if the conduction-band edge at each node is in units of 
meV (I meV =  IO-3 eV), the appropriate scale factor would be:
scale ev=1.0e3
v The scale of the electrostatic potential is altered by the v key. For
example, if the potential at each node is in units of mV (I mV =  IO-3 
V), the appropriate scale factor would be:
scale v=1.0e3
cm**-3 The scale of the donor doping density is altered by the cra**-3 key. For 
example, if the doping density at each node is in units of m-3, the 
appropriate scale factor would be:
scale cm**-3=1.0e6
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Input Deck: m atter
specify material layers and properties
Default State: 
matter
(In the default state, profiles of material parameters are specified in 
the device description file.)
Normally, material properties are specified in the device description 
file. When a tabular listing of material properties is difficult to obtain, 
however, the matter card provides an alternative method of input. As 
many as ten different material layers can be defined, each with 
differing material properties.
In the data description file, a single line of input (in other words, a sin­
gle position in space) constitutes a “node.” Nodes are referred to by 
number, starting from zero at the beginning of the file. Material 
layers, therefore, are defined in the matter card by specifying the nodes 
which are endpoints of material regions. For example, the device 
description file presented in Figure 3.1 contains 18 lines; the range of 
node numbers, then, is 0 to 17. To define a single material region with 
an effective mass of 0.067, the matter card would read:
matter nodes=17 emass=0.067
To define three material layers (as in the example of Figure 3.1) the 
matter card would read:
matter n od es= 5 /ll/17  emass=0.067/0.08953/0.067
Note an equal number of values must be assigned to nodes, delec, 
emass, and krel.
The conduction-band offset AEc can be specified for each material 
layer defined by nodes. The offset is understood as the conduction- 
band discontinuity at a material interface, and is specified in electron- 
volts. Note that, for an abrupt interface, the nodes on either side of 
the interface should be closely spaced.






The electron effective mass can also be specified for each material layer 
defined by nodes. The value is input as a dimensionless quantity, in 
terms of the free electron mass, Xn0.
The relative dielectric constant can also be specified for each material 
layer defined by nodes. The value is input as a dimensionless quantity, 
in terms of the dielectric constant of free space, e0.




(In the default state, the doping-density profile is specified in the data 
description file.)
doping specify the ionized! donor doping density
nodes Just as the nodes key of the matter card defines different material
regions, the nodes key of the doping card defines regions with a con­
stant density of ionized donors. Unless a self-consistent solution is 
desired, the donor density is needed only at the contacts (first and last 
nodes), to determine the Fermi-level of injected electrons. In this case, 
the specification could be as simple as:
doping nodes=0/19/20 n d + =  5.Ge 17/0/5 .Oe 17
for a device with nodes 0 to 20, with an ionized donor density of 
5.0xl017 cm-3 in each contact. Because the donor density at interior 
nodes is irrelevant (unless a self-consistent solution is required), the 
example above could be equally expressed as:
doping nodes=20 nd-f=5.0el7
For specifying the contact doping, or for some crude approximations to 
real doping profiles, the doping card provides a convenient method of 
input.
nd+  The density of ionized donors (in units of cm'"3) is assigned to nd+ for
each region defined by the nodes key. Notice that SEQUAL requires 
the density of ionized donors. Partial ionization of donors, therefore, 
must be calculated by the classical analysis program contributing 
input.
ni If the ionized donor density in either device contact (t.e., the first and
last nodes) is identically zero, then the intrinsic electron density 
assigned to ni is assumed, for the calculation of the Fermi-level. 
SEQUAL assumes that charge neutrality exists in the contacts,
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between electrons and ionized donors; therefore, the ionized donor den­
sity in the contacts, unless it is identically zero, is used to determine 
the Fermi-level for injection of electrons. Notice that if an extremely 
small (but non-zero) donor density is specified, a Fermi-level will be 
deduced to correspond to this concentration. This provides a trick for 
specifying the electron concentration in the case of a p-n junction. 
Holes are completely ignored in SEQUAL, and hence, there is no way of 
specifying a doping density for acceptors. In order to obtain the proper 
electron concentration, the “ionized donor density” on the p-side of the 
junction should be set equal to the minority carrier (electron) concen­
tration. If, instead, it were set to zero, the value assigned to ni would 
be assumed for the minority carrier (electron) concentration.
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d e v i c e  specify macroscopic device parameters
Default State:
device temp= 300.0 area—1.0 bias=0>Q
temp Tlie device temperature (in 0K) for a calculation is assigned to the
temp key.
area The cross-sectional area (in cm2) of a device is assigned to the area
key. It is used as a multiplicative constant in the calculation of total 
current. The default area is I cm2, so that the total current (in A) is 
the same as the current density (in A/cm2).
bias An applied bias can be added to the device, in addition to any existing
bias in the output from a classical analysis program. The amount of 
bias (in V), assigned to the bias key, is applied as a linear potential 
drop across the lightly-doped (middle) region of the device. For a self- 
consistent solution, several iterations should be allowed after the appli­
cation of bias, so that the electrostatic potential will return to the 
self-consistent state. If the internal nodes of the device are no more 
lightly doped than the contacts, the bias is applied as a linear drop 
across the entire device. In this case, obtaining convergence for self- 
consistent calculations might be difficult. Note that it is possible to 
have a device description file in which bias is built into the electros­
tatic potential and the conduction-band profile. In some cases, it may 
be more convenient (or accurate) to apply bias in the classical analysis 
program, and use SEQUAL to analyze the resulting potential profile.
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so lve specify parameters controlling the analysis
Default State:
solve prec= 3 itmax= 9 states=prop inject=both
prec The number of significant figures desired for important quantities can
be assigned to the prec key of the solve card. “Important” quantities 
include the electron density, the current density, and the Fermi-level in 
each contact. Since SEQUAL will struggle admirably (at the expense 
of CPU time) to achieve whatever precision is specified, the value 
should be kept within reasonable limits.
itm ax For a self-consistent analysis, SEQUAL solves iteratively for the elec­
trostatic potential and the electron density (see Figure 2.2). Conver­
gence is achieved when the number of significant figures in the current 
density (between iterations) settles down to the number requested. To 
avoid excessive use of CPU time in obtaining convergence, SEQUAL 
terminates iteration when the number of iterations exceeds the value 
assigned to itmax. Therefore, iteration can be suppressed by specifying 
zero as the maximum number of iterations. If results are written to 
output files (see description of the output card), iteration can be contin­
ued at any point, by using the output of a previous run as the input 
device description file (see Figure 4.2).
states Both propagating and bound electronic states Can be considered in the
solution of the Schrbdinger equation, according to the value assigned to 
states:
Value Implication
prop Consider propagating electronic states
bound Consider bound electronic states
all Consider propagating and bound states
The default is to consider only the propagating states, since bound 
states do not contribute to current density. Furthermore, the
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population of bound states is correct only for devices in equilibrium 
(see section 2.2). For small deviations from equilibrium, however, the 
bound-state result obtained is a reasonable approximation to the 
correct solution. The consideration of bound states is particularly 
important for a self-consistent solution. Because the electrostatic 
potential is determined from the electron density, the bound-state con­
tribution (even if it is only approximate) can significantly alter the final 
result.
inject In the solution of Schrodinger’s equation for propagating states, elec­
trons can be injected into the device from two contacts (see section 
2.1.1). Each contact provides a separate contribution to both electron 
density and current density. The value assigned to inject determines 
which of the contributions will be calculated:
Value Implication
1-to-r Consider electrons propagating 
from left to right 
(inject from left contact)
r-to-1 Consider electrons propagating 
from right to left 
(inject from right contact)
both Inject from both contacts
Because the vast majority of devices require an analysis with injection 
from both contacts, the default value is “both.” In special cases, how­
ever, the contribution from one contact may be insignificant. Consider, 
for example, the calculation of electron current for a p-n junction. 
Injection from the p-type contact is unnecessary, since the current 
component would be negligible.
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m axim a specify parameters for the isolation of wavefunction maxima
Default State:
maxima prec=2 kscale=1.0
(In the default state, the first and last nodes are “watched” for 
wavefunction maxima; interior nodes are ignored.)
prec In the process of stepping through kz-space, SEQUAL looks for maxima
in the squared-magnitude of the wavefunction (see section 2.1.3). This 
insures both the proper integration of the wavefunction, and the proper 
resolution of the transmission coefficient. The number of significant 
figures requested for the calculations related to maxima isolation is 
assigned to the prec key of the maxima card. Normally, the default 
value demands sufficient precision. Particularly sharp transmission 
resonances, however, may require greater precision to be properly 
resolved. When a doubt arises, results from two different requested 
precisions should be compared.
kscale SEQUAL steps through wavevector-space for the purpose of isolating
maxima in the electron wavefunction (see section 2.1.3). Intervals of 
kz-space between successive maxima are then integrated, to determine 
the electron density and the current density. Normally, the default 
kz-step is adequate for isolation of wavefunction maxima. The kz-step 
can be scaled to any size, however, according to the value assigned to 
kscale. Notice that the size of the kz-step (if it is sufficiently small) has 
no effect on integration of the wavefunction. Integration intervals are 
defined by local maxima in the Wavefunction. A smaller kz-step can 
provide better resolution in the output of quantities, such as the 
transmission coefficient and the wavefunction magnitude. A larger kz- 
step should be used with extreme caution: Ifwavefunctionmaximaare 
improperly resolved, the calculations for electron density and current 
density will be in error.
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watch The isolation of kz-space maxima in the wavefunction could be accom­
plished at all position-space nodes. This would increase execution time 
tremendously, however, without adding to the accuracy of the calcula­
tion. It is necessary to isolate kz-space maxima only at those nodes for 
which the wavefunction varies rapidly. By default, the first and last 
nodes of any device are “watched” for maxima in kz-space (see section 
2.1.3). Additional nodes can be considered, if the node numbers are 
assigned to the watch key.
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in te g specify parameters for the integration of the wavefunction
Default State:
integ orders=2/4/6/8/10/12/16/20/24 kb t=  10.0 et=1.0
orders For the calculation of electron density and current density, the magni-
tude of the wavefunction must be integrated in kz-space (see section 
2.1.2). Integration is performed using Gaussian quadrature with Legen­
dre polynomials (see section 2.1.3). To achieve the precision requested
(via prec of the solve card), successive orders of integration are applied 
to an integration interval, until the precision is obtained, or until the 
list of integration orders is exhausted. Orders available for the integra­
tion process are assigned to the orders key. In the default state, all 
available orders are assigned to orders. For cases in which the reduc­
tion of execution time is more important than the accuracy of results, 
the list of integration orders may be abbreviated. Indeed, a single 
integration order could be specified (e.g., the highest order available), if 
an estimation of the solution accuracy is unnecessary.
kbt In theory, integration of the wavefunction should be performed over 
the range of all wavevectors from zero to infinity (see section 2.1.2); in 
practice, integration must be truncated at some large but finite 
wave vector. The point of truncation is determined in SEQUAL by con­
sidering the number of significant figures in integration results. 
Integration is performed up to some minimum wavevector. Beyond 
this, integration is continued (if necessary) to achieve the requested 
precision, for both the electron density and the current density. The 
minimum wavevector for integration corresponds to an energy which is 
some multiple of kBT higher than the maximum energy in the conduc­
tion band. The value assigned to kbt specifies the multiple of kgT.
et In the derivation of formulas for both the electron density and the 
current density, the wavefunction was assumed to be weakly dependent 
on the transverse energy Et (see section 2.1.2). This allowed the 
wavefunction, evaluated at a representative transverse energy, to be
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removed from the integration over transverse momenta. Hence, the 
integration over transverse momentum could be performed analytically. 
The particular transverse energy at which the wavefunction is 
evaluated is determined by the value assigned to et (in units of kBT). 
A reasonable assumption for the representative transverse energy is the 
thermal average energy, kBT.
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t it le  specify a title for printed (standard) output
Default State: 
title
(In the default state, no title appears on output pages.)
The title card is unique for two reasons: It is the only card in the 
input deck which does have any keys, and which cannot be continued 
on multiple lines. Any text following the card name is taken as the 
title of the execution. This title appears in the heading of each page of 
printed output.
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print specify the form of printed (standard) output
Default State:
print tcoeff=* formatl=zevn format2=zdmk verbose--true
tcoeff For propagating electrons, a listing of the transmission coefficient
versus incident energy can be obtained in printed output, according to 
the value assigned to tcoeff:
Value Im plication
1-to-r Print the transmission coefficient for electrons 
propagating left-to-right
r-to-1 Print the transmission coefficient for electrons 
propagating right-to-left
both Print transmission coefficients for both 
directions of propagation
* Do not print transmission coefficients
For self-consistent solutions, a listing of the transmission coefficients is 
provided only for the final iteration.
form atl
form ats A tabular listing of both input parameters and calculated results can 
be obtained in printed output. Two sections of output, each with a 
maviTrUim of four columns, can be defined with the output format keys, 
formatI  and formats. The quantity associated with a particular 
column is represented by a single letter, as follows:







d Ionized donor doping density
111 Electron effective mass
k Relative dielectric constant
* (No output in a section)
The definitions shown above, except for the addition of n and *, are 
identical to those presented in conjunction with input format. Unlike 
the input format specifier, formatl or formats (or both) can be 
assigned to *, which causes an output section to be suppressed. For 
example, to obtain a single output section listing position, conduction- 
band energy, and electron density, the prmt card could be either of the 
following:
print . form atl=zen format2=* 
print form atl=* format2=zen
verbose Because SEQUAL can provide so many sections of output in a single 
run, the user is allowed the option of suppressing superfluous output, 
with an assignment to verbose'.
Value Implication
true All output sections are supplied
false Superfluous output sections are suppressed
Although some of the “verbose” output may seem unnecessary, it is 
included to aid the user in understanding the problem description, and 
in evaluating the performance of SE QUAL.
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Output specify the form of (plotting) output files
Default State:
output file=seq data—* columns=3 ascii—true
For each calculation, data presented in printed output are also avail­
able for storage in files. Such files can be used as input to plotting pro­
grams, or as input (for further processing) to SEQUAL.
file The argument of the file key on the output card is used as a basis in
forming all output file names. For each file created, an extension is 
added to the root file name specified, to identify both the type and for­
mat of stored data. (For an understanding of different output files and 
their respective extensions, see section 4.2.)
d ata  Different types of data can be requested for output, according to a
string of single-character keys assigned to data:
C haracter Type of D ata Stored
d Device data (quantities vs. position)
b Bound-state data
t Transmission coefficient data
W Surface plot of the wavefunction magnitude
* (No data is stored)
In an assignment to data, the characters above may appear in any 
order. For example, the following two cards are equivalent:
output data=dtw
output data=wdt
Notice that space is not allowed between the characters.
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columns For compatibility with many different plotting programs, data can be 
written to output files in single-column, paired-column, or multiple- 




>  3 Multiple-column format
ascii Output files can be stored in either ASCII format or (Fortran 77)




false File is in (Fortran 77) binary format
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Card Key Value Key Type f
file text (filename) control
input format (z, e, v, d, m, k, ?) control
ascii logical control
cm real control
scale ev real control
V real control
cm**-3 real control
• nodes integer global information
matter delec real (eV) global information
emass real (mQ) global information
krel real (eft) global information
-  , nodes integer global information
doping nd+ real (cm"3) global information
ni real (cm"3) control
title —
... • tcoeff (1-to-r, r-to-1, both, *) control
print formatl (z, e, v, d, m, k, n, *) control
■ . format2 (z, e, v, d, m, k, n, *) control
" . verbose logical control
:: :"•■■'; • file text (filename) control
output data (d, b, t, w, *) control
, ' ; columns integer control
. ascii logical control
j- For a. .explanation'of “control”'keys and “global information” keys, see section 3.2. 
Table 3.2: Summary of keys which control the input/output of SEQUAL
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Card Key Value Key Type f
temp real ( 0K) control
device area real (cm2) control
bias real (V) control
prec integer control
solve itmax integer control
states (prop, bound, all) control
inject (1-to-r, r-to-1, both) control
prec integer control
maxima kscale real control
watch integer global information
orders integer global information
integ kbt real (KgT) control
et real (KrT) control
f For a explanation of “control” keys and “global information” keys, see section 3.2.
Table 3.3: Summary of keys which control the execution of SEQUAL
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SEQUAL provides two kinds of output: printed output, and output files. For 
each, execution, a record of input data and output results is written to standard out­
put. Because this record is formatted with Fortran line-printer codes (providing 
page ejection, etc.) it is intended to serve as a printed report of all calculations. 
Pages are numbered, and headings are printed at the top of each page. Output 
files, on the other hand, are not well suited to examination; rather, they are pro­
vided to serve as input for plotting programs. Because both forms of output can 
include a wide variety of different results, each form is presented in detail, in the fol­
lowing sections.
4.1. P rin ted  O utput
Figure 4.1 depicts the general form of printed output in SEQUAL. For each 
execution of the program, a number of different output sections could appear in the 
printed record. Each section will only appear, however, if it is necessary. Moreover, 
some of the output is verbose, and can be suppressed at the request of the user. In 
Figure 4.1, the sections grouped together in a dashed box present output for each 
calculation. Since SEQUAL can perform several calculations in a single program 
execution, these sections may appear several different times in the printed record. 
(See discussion of “control” keys in section 3.2.) Although the example output pages 
presented in Chapter 5 are easily worth a thousand words, a brief description of 
each section is given below:
Input Deck:
Printed output begins with an echo of the input deck. Syntax errors (if 
any are found) are pointed out under each offending line.
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Comments on the Calculation
Final Results
Bound-State Data
Summary of Input Information 
(Each Calculation)
Input Deck
Summary of Input Information 
(Global Information)
Transmission Coefficient Data
Iteration Data and Statistics
Figure 4.1: Diagram of printed output. Items in the dashed box are presented for
each calculation (see discussion of “control” keys in section 3.2).
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Summary o f Input Inform ation (Global Information):
Device data which has been specified on input cards matter or doping is 
summarized in a pictorial fashion. Because, this information is global to all 
calculations, it appears only once, near the start of printed output.
Siimrhary o f Input Inform ation (Each Calculation):
For each calculation, SEQUAL presents a page summarizing all important 
input parameters. Although this page is helpful in clarifying the details of 
a particular calculation, it is considered “verbose,” and it can be 
suppressed.
Transm ission Coefficient Data:
A table of the transmission coefficient versus energy can be requested for 
each direction of propagation. For iterative calculations, a table is gen­
erated only for the results of the final iteration.
Iteration D ata and Statistics:
For iterative calculations, the degree of convergence obtained for each 
iteration is summarized in tabular form. In addition, statistics characteriz­
ing the propagating-state solution are presented. Because most of 
SEQUAL’s execution time is spent in the analysis of propagating states, 
these statistics can be used to evaluate the overall performance of the pro­
gram. Although propagating-state statistics are sometimes useful, they are 
considered “verbose,” and can therefore be suppressed.
Bound-State Data:
For bound-state calculations, SEQUAL presents a table of bound-state 
energies and two-dimensional electron densities. If a propagating-state 
solution was also requested, a breakdown of the electron density is printed, 
showing the contributions due to propagating states and bound states.
Com m ents on the Calculation:
All warnings, cautions, and error messages encountered in a particular cal­
culation are collected onto a single page. A brief explanation is presented 
for each problem encountered, along with suggestions for relieving the 
difficulty.
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Final Results:
A section of final results begins by listing the current obtained for the bias 
across the device. Following this, device data is presented in two sections, 
as Specified by formatl and formats on the print card.
4.2. O u tp u tF iles
In addition to the printed record, SEQUAL can create a number of data files for 
the storage of results. Because these files contain raw data, they are well suited for 
use with plotting programs. Of course, different plotting programs require different 
formats for input data. Some programs demand x-axis data and y-axis data in 
separate files; some require a paired listing of X and y values. To accommodate the 
majority of programs, SEQUAL can output data in three formats, according to the 
value assigned to columns on the output card. Data can be written in single-column, 
paired-column, or multiple-column formats. Obviously, many data files will be 
created by the single-column or paired-column option; files are distinguished by an 
extension added to the specified file name. Extensions were chosen to indicate at a 
glance the contents of a particular data file. For instance, the files ending in ".z" 
contain a single column, listing the position-space grid; files ending in ".zv" contain 
two columns of data—the position-space grid and the electrostatic potential. A com­
plete listing of extensions is presented in Tables 4.1-4.4.
Table 4.4 shows that, for output files describing the wavefunction surface, the 
format is independent of the number of columns specified. Files ending in “.wlr-z” 
or “.wrl-z” contain a list of position-space nodes; similarly, files ending in “.wlr-e” or 
“.wrl-e” contain a list of energy-space nodes. The squared-magnitude of the 
wavefunction, weighted by <t/ 27T, is listed in files ending with “.wlr-m” or “.wrl-m” 
extensions. Data appear sequentially: For each energy, the quantity is listed across 
the entire device, from the first node to the last. Plotting programs reading the 
data, therefore, will read a matrix of values. In the process of reading data, the 
index for position-space entries will vary more rapidly.
Output files in multiple-column format can also be used as input to SEQUAL. 
Consider, for instance, the computation of a self-consistent current-voltage charac­
teristic. Using a multiple-valued assignment to the bias key, the user can instruct 
SEQUAL to calculate current at a number of different biases. For a self-consistent 
calculation, a bias is applied to an input potential, and solutions for the electron 
density and electrostatic potential are performed iteratively. One would expect the 
self-consistent potential obtained for one bias to be quite close to the solution for the
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next bias. Rather than apply biases to the same input file, the clever user will feed 
output results back in, as input.
In Figure 4.2, an example input deck is shown, to perform the feedback. The 
file classical contains output from a classical analysis program, with data in the 
default column-format zevdmk. A self-consistent calculation is performed at zero 
bias, and the results are stored in the file outi.z...k. This file is then used as the 
device description for the next calculation. Because the output from SEQUAL 
includes three columns describing electron density (propagating, bound, and total), 
the input format becomes zev???dmk for the three calculations with feedback. For 
each calculation, an additional bias of 0.1 V is applied to the potential profile. 




**** ijQ  Feedback:
* Results of one calculation are stored in output
* files, and read back as input.
5|c sf:
file==classical/out0.z...k/outl.z...k/out2.z...k
format= zevdmk /  zev??? dmk
bias=0.00/0.10/0.10/0.10
itmax= 15
output file=outO/outl/out2/out3 d a ta= d columns=3
Figure 4.2: Input deck for feedback of output files
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.-V Summary o f  O utput Files ( d a ta =  d)
c o lu m n s = File Extension Quantity
v ’ ,z position
■■ : . 7 ■■■■■■ ■ ; - ‘ .e • conduction-band energy
.Y ' electrostatic potential
; 7 ■■■ ■ ' •P propagating electron density
1 .b bound-state electron density
.n total electron density
.d ionized donor density
7 .: 7 .m.k
effective mass
relative dielectric constant
. .' 7 ' '; •. .ze position
- . 7 ; ■ • ' ' ' conduction-band energy
• - , . .ZY position
, "■ ' . ■ , electrostatic potential
7. ' ... -zP position
• -  ■' propagating electron density
2 •zb position
.. '■ bound-state electron density
■V'.-. - - ■' .zn position
: ..77 : total electron density
. . .■ ■; ■. zd position
; . ionized donor density
•zm position
. / ' ■ ■ ■ effective mass
. ■ .zk position
7 -■ . , relative dielectric constant
;■ ■., position
: ; : ■ . ■v ■ ■ - .• conduction-band energy
7 ■ -. ■ electrostatic potential
>3
7 -  ^ ■ /■ .>  : ■■:■ -. •- propagating electron density
.z ...k bound-state electron density
■ ■ ■':■ ‘7 total electron density
' 7. ;  ^ .7  : • ionized donor density
7 ; . v ;7 : ■ '• • ■ ‘ ■■' V ; . effective mass
V  : -  : ' relative dielectric constant
Summary of output files created for storage of device data
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Summary of Output Files ( d a ta =  t)
co lu m n s= File Extension Quantity
I .tlr-e energy
(propagation left-to-right)















Table 4.2: Summary of output files created for storage of transmission coefficient
data
Summary of Output Files ( d a ta =  b)
co lu m n s= File Extension Q uantity
I .bs-e bound-state energy
.bs-n two-dimension electron density
2, >3 .bs-en bound-state energy 
two-dimensional electron density
Table 4.3: Summary of output files created for storage of bound-statf data
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Summary of Output Files ( d a ta = w )
c o lu m n s = File Extension Quantity
■ .wlr-z position (propagation left-to-right)
.wlr-e energy (propagation left-to-right)
I, 2, >3 .wlr-m I^1H 2 (J1^ r /  2tt
.wrl-z position (propagation right-to-left)
.wrl-e energy (propagation right-to-left)
.wrl-m I^rH 2 (Jr- 1 /  2tt
Summary of output files created for storage of wavefunction surface 
plots
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E xam ple C alculations
5 ,
To illustrate some of the abilities of SEQUAL, example calculations are 
presented in this chapter, for a resonant tunneling device fabricated by Ray, et. al. f 
The device, pictured in Figure 5.1, is composed of two Al045Ga0 55As barriers 
sandwiched around a GaAs potential .well. ^  Classically, electrons injected from the 
Contacts at energies below the top of the barrier are completely reflected; quantum 
mechanically, however, it is possible for electrons to be transmitted. Electrons, after 
tunneling through one potential barrier, can experience multiple reflections inside the 
quantum well, before tunneling through the other barrier. Because of the wave- 
nature of electrons, these multiple reflections can constructively interfere, producing 
a large transmission across the entire device. In summary, electrons injected at par­
ticular “resonant” energies will experience unity transmission; those injected at ener­
gies off-resonance will be strongly reflected. Resonant energies are often referred to 
as “quasi-bound states,” since in the process of multiple reflection, electrons are 
effectively bound to the well.
SEQUAL can be used to graphically illustrate the resonance condition described 
above. Figure 5.2 presents a surface plot of the wavefunction versus position and 
incident electron energy. The quantity log10( |'i/f~*'1(z)|2 /  2tt) plotted can be
interpreted loosely as the probability of finding an electron at a particular position, 
or at a particular energy. It is plotted on a logarithmic scale, so that important 
features can be seen clearly. Electrons, injected from the right-hand contact, are 
propagating from right to left. At low energies, electrons are strongly reflected, and 
the wavefunction exhibits a pattern of standing waves, near the right-hand contact. 
At the resonant energy, however, the wavefunction peaks sharply within the GaAs- 
well, and a ridge of transmitted electrons can be seen extending to the left contact. 
Note that the wavefunction peak is localized to the GaAs well in position-space, and 
it is extremely narrow in energy-space.
t S. Ray, P. Ruden, V. Sokolov, R. Kolbas, T. Boonstra, and J. Williams, “Resonant 
Tunneling Transport at 300 K in GaAs-AlGaAs Quantum Wells Grown by Metalorganic 
Chemical Vapor Deposition,” A p p lied  P hysics L e tters , 48(24), pp. 1666-1668, 1986,
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The wavefunction surface plot presented in Figure 5.2 was generated from the 
output of SEQUAL. A position-space grid, for the structure shown in Figure 5.1, 
was created And stored in the file rtd. Positions were written in angstrom units (l A 
=  10 8 cm), and the electrostatic potential was taken as zero everywhere. The 
input deck, along with the rest of printed output, is shown in Figure 5.3. To insure 
proper resolution of the wavefunction, an additional node in the middle of the quan­
tum well was specified for “watching.” Injection of electrons was specified as right- 
to-left. Data files used for the wavefunction surface plot were obtained by specifying 
data—w on the output card. Notice that the electron density, shown in the section 
of final results, is smaller at the left-hand contact (near z=0). This is expected, 
because the electron density listed is not the total electron density; rather, it is the 
component due to electrons injected only from the right-hand contact.
SEQUAL can also be used to determine the current-voltage characteristic for 
this device, by assigning a number of voltages to the bias key. In Figure 5.4, an 
input deck is shown, which has been modified for this purpose. Notice that separate 
output-file names are specified for each bias, so that files are not overwritten. For 
the purposes of this example, a self-consistent solution was not necessary; hence, the 
maximum number of iterations was set to zero. As an initial guess, biases were 
specified in increments of 0.05 V; the input deck was then modified again, to include 
a few additional biases. Values of current, taken from the listings in the sections of 
final results, were stored in a separate file, and plotted. The resulting current- 
voltage characteristic appears in Figure 5.5.
Negative differential resistance, apparent in Figure 5.5, is a characteristic 
feature of resonant tunneling devices. For small biases, the dominant current com­
ponent is supplied by electrons tunneling through the first quasi-bound state, from 
the right-hand contact. As larger biases are applied across the device, the quasi­
bound state is lowered in energy, with respect to the conduction-band edge in the 
right-hand contact. More electrons are available for tunneling at energies near the 
conduction-band edge in the contact. Therefore, current increases to a maximum 
value. When the quasi-bound state is pulled below the range of injection energies of 
the contact, however, current is abruptly reduced. This effect is depicted graphi­
cally in Figure 5.6, which shows the conduction-band profile of the resonant tunnel­
ing device, at the bias of maximum current. Notice that the quasi-bound state 
energy is quite close to the conduction-band edge in the right-hand contact. Any 
additional bias lowers the quasi-bound state below the range of (right-hand) injec­
tion energies, and current is abruptly cut-off.
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I I I  n-type GaAs (doped 2 x l 0 18 cm-3)
I j GaAs (undoped)
UU Alo 45Ga0i55As (undoped)
Figure 5.1: Structure of the resonant tunneling device examined in subsequent cal­
culations
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l°g,o( I I 2 /  2jr)
19 I
0.2156
Figure 5.2: The wavefunction magnitude, weighted by the transverse integration
<7r~^ 1(kz), for electrons injected from the right contact of the resonant 
tunneling device in Figure 5.1
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—  --------------- XXXX XXXXX XXXX XX XX XXXX XX — --------------
XX XX XX XX XX XX XX XX XX SEQUAL 2 .0
--------- XXX XXXX XX XX XX XX XXXXXX XX — — — — — —  Purdue U n i v e r s i t y
XX XX XX X XX XX XX XX XX August  1987
— XXXX XXXXX XXX X XXXXX XX XX XXXXXX — — — — --------------T—
SEQUAL: in p u t  deck
***********************************  ***************** * * *******
** a r e s o n a n t  t u n n e l i n g  d e v i c e  f a b r i c a t e d  by ray e t . a l . **
** ( a p p l i e d  p h y s i c s  l e t t e r s ,  48 ( 2 4 ) ,  p .  1666, 1986) i s  **
** s i m u l a t e d .  a p l o t  o f  t h e  wave f u n c t i o n  s u r f a c e  i n  **
** p o s i t i o n - s p a c e  and en erg y  sp a ce  i s  o b ta in e d ,  f o r  **
** e l e c t r o n  i n j e c t i o n  from th e  r i g h t  c o n t a c t .  **
★  ★ ★ ★ *****★ ***★ ★ ***********★ ****★ **★ ****** *,***:****.*.*★ ****,★ .*.** *
t i t l e  r e s o n a n t  t u n n e l i n g  d e v i c e  (a p p l .  p h y s .  L e t t . ,  4 8 ( 2 4 ) ,  p . 1 6 6 6 ,  1986)
—  in p u t  f i l e  "rtd" c o n t a i n s  p o s i t i o n s  i n  angstrom s —
in p u t  f i l e - r t d  f o r m a t - z v
s c a l e  cm -1 .0 e 8
m a tte r  n o d e s - 2 1 / 3 2 / 4 3 / 5 4 / 7 6
+ d e l e c - 0 . 0 / 0 . 3 6 5 / 0 . 0 / 0 . 3 6 5 / 0 . 0  
+ e m a s s - 0 . 0 6 7 / 0 . 0 8 . 9 5 3 / 0 . 0 6 7 / 0 . 0 8 9 5 3 / 0 . 0 6 7
d op ing  n o d e s - 1 0 / 6 5 / 7 6  n d + - 2 . e L 8 / 0 . / 2 . e ! 8
d e v i c e  t em p=300 .0  a r e a - 9 . e - 6  
s o l v e  Itmax-O p r e c - 3  i n j e c t - r - t o - 1
— t o  i n s u r e  p ro p er  r e s o l u t i o n  o f  t h e  w a v e f u n c t io n ,
—  watch a node i n  t h e  w e l l - r e g i o n  (node 38)
maxima w a tch -38
p r i n t  t c o e f f - *  f o r m a t l - z e n  fo r m a t2 -*  v e r b o s e - t r u e  
o u tp u t  f i l e - r t d  data»w
E x e c u t in g  a t o t a l  o f  I c a l c u l a t i o n ( s ) .
Figure 5.3: Example of printed output
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SEQUAL 2 . 0  page 2
p r e l i m in a r y  i n fo r m a t io n  Summary o f  Input  In fo rm a t io n
r e s o n a n t  t u n n e l i n g  d e v i c e  (a p p l .  p h y s .  I e t t . ,  4 8 ( 2 4 ) ,  p .  1666, 1986)
For a l l  c a l c u l a t i o n s ,  t h e  f o l l o w i n g  a ss u m p t io n s  a p p ly ,  
r e g a r d l e s s  o f  d a ta  r e a d  from in p u t  f i l e ( s ) .
, +-— 1------+ node 0
+ — --------+ '  i
I ! !
! ! + node 21
+-----------+' + node 22
+ - - — —■+' !
! ! !
! ! + node 32
node 33
- + '  !! I
! + node 43 
- + '  + node 44 
- + '  !! I
! + node 54 
- + ' +  node 55 
-+ '  !I !
! + node 76
c o n d u c t io n -b a n d  o f f s e t  
e f f e c t i v e  mass
c o n d u c t io n -b a n d  o f f s e t  
e f f e c t i v e  mass
c o n d u c t io n -b a n d  o f f s e t  
e f f e c t i v e  mass
conduction^-band o f f s e t  
e f f e c t i v e  mass
c o n d u c t io n -b a n d  o f f s e t  
e f f e c t i v e  mass
0 .  eV 
0 . 670000E-01 mO
0 .3 6 5 0 0 0  eV 
0 . 895300E-01 mO
0 .  eV
0 .6 7 0 0 0 0 E -0 1  mO
0 .3 6 5 0 0 0  eV 
0 . 895300E-01 mO
-  0 .  eV










! + node 
—+'+ node 
—+' !
! +. node 
—+'+ node 
!





donor doping density -  0 .200000E +19 /cm**3
donor doping density -  0 .000000E +00 /cm**3
donor doping density -  0 .200000E +19 /cm**3
Figure 5.3: Example of printed output (continued)
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SEQUAL 2 . 0
c a l c u l a t i o n  I o f  I
page 3
Summary o f  Input  I n fo r m a t io n
r e s o n a n t  t u n n e l i n g  d e v i c e  ( a p p l .  p h y s .  I e t t . ,  4 8 ( 2 4 ) ,  p .  1666 , 1986)
l e f t  c o n t a c t  ----------
! d op ing  d e n s i t y :
! e f f e c t i v e  mass:
! Ef -  E c :
0 . 2000000QE+19 
0 .  67000002E-01  
0 .  79055786E-01






! / / / / / / !  + 0 . 0  Angstroms
+-----
!
-----+ '  !
! I t e m p e r a tu r e : 3 0 0 .0 0 0 0  K
! I ! c r o s s - s e c t i o n a l  a r e a : 0 . 90000003E-05 cm**2
! ! ! b i a s  a p p l i e d  t o  s t r u c t u r e : 0.  V





i n t r i n s i c  c a r r i e r  c o n e . : 0 . 17900000E+07 /cm**3
! ! !! . r - > l  ! !! AAAA I !
! ! ! ! ! ! +
76 >  + -------— +' !! Illlll! +
+ - - -----+ ’
e l e c t r o n i c  s t a t e s  a r e :  p r o p a g a t in g
1 2 5 0 .0  Angstroms
r i g h t  c o n t a c t --------
! d op ing  d e n s i t y :
! e f f e c t i v e  mass:
! Ef -  E c :
0 . 20000000E+19 /cm**3 I 
0 . 67000002E-01 mO ! 
0 .79055786E -C 1 eV !
INPUT (ASCII ) -  XX +------- — --------- -+  XX OUTPUT (ASCII ) -
r t d  XXXXXXXX ! ! XXXXXXXX r t d . w r l - 2;
XXXXXXXXXX ! SEQUAL 2 . 0  ! XXXXXXXXXX r t d . w r l - e  
form at:  XXXXXXXX ! ! XXXXXXXX r t d .w r l -m
zv XX +---------------------- + XX
Figure 5.3: Example of printed output (continued)
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c a l c u l a t i o n  I  o f  • I S t a t i s t i c s  and I t e r a t i o n  Data
r e s o n a n t  t u n n e l i n g  d e v i c e  (a p p l .  p h y s .  I e t t . ,  4 8 ( 2 4 ) ,  p .  1666, 1986)
WAVEFUNCTION FOR PROPAGATING ELECTRONS: Use o f  k z - s p a c e  nodes
I t e r a t i o n :  # 0
k z - s p a c e  nodes  . . .  
u s e d  i n  i s o l a t i n g  maxima: 161
u s e d  i n  i n t e g r a t i o n :  670
m i s c e l l a n e o u s :  195
TOTAL: 1026
WAVEFUNCTION FOR PROPAGATING ELECTRONS: I n t e g r a t i o n  c o n c e r n s
. I t e r a t i o n : # 0
k z - s p a c e  maxima found: 28
A verage  maxima s e p a r a t i o n  
/  k z - s t e p
. . .  r i g h t - t o - l e f t :  5 .8 9 5 7
Number o f  k z - s p a c e  
i n t e r v a l s  i n t e g r a t e d :  33
G a u ss -L eg en d re  i n t e g r a t i o n
h i g h e s t  o r d e r :  12
l o w e s t  o r d e r : 4
a v e r a g e  o r d e r :  7
Example of printed output (continued)
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SEQUAL 2 .0 page 5
c a l c u l a t i o n  I o f I F in a l  R e s u l t s
r e s o n a n t  t u n n e l i n g  d e v i c e  (a p p l . p h y s ,. I e t t . ,  4 8 ( 2 4 ) ,  p . 1666, 1986)
C u r r e n t : V o l t a g e :
LEFT-to-RIGHT: 0 . 000000E+00 A In Input F i l e : 0 .000000E+00 V
RIGHT-to-LEFT: - 0 . 137929E-01 A A p p l ie d  B ia s : 0 . 000000E+00 V
T o t a l  C u rren t: 0 . 137929E-01 A T o t a l  V o l ta g e : 0 . OOOOOOE+OO V
P o s i t i o n C onduction  Band E le c tr o n  Dens.
(cm) (eV) ( /cm **3)
0 . 0. 0 .  13938995E+15
0 . 50000000E -06 0. 0 . 13938993E+15
0 . 10000000E -05 0. 0 . 13938994E+15
0 .1 5 0 0 0 0 0 2 E -0 5 0. 0 . 13938995E+15
0 . 20000000E -05 0. 0 . 13938994E+15
0 . 24999999E -05 0. 0 . 13938995E+15
0 . 30000003E -05 0. 0 . 13938995E+15
0 .  35000000E -05 0. 0 . 13938994E+15
0 . 40000000E -05 0. 0 . 13938995E+15
0 . 45000002E -05 0. 0 . 13938994E+15
0 . 4 9900000E-05 0. 0 . 13938994E+15
0 .4 9 9 9 9 9 9 9 E -0 5 0. 0 . 13938994E+15
0 . 50499998E -05 0. 0 . 13938994E+15
0 . 51000002E -05 0. 0 . 13938994E+15
0 . 51500001E -05 0. 0 . 13938995E+15
0 . 52000000E -05 0. 0 .13938994E+15
0 . 52500000E -05 0. 0 . 13938994E+15
0 . 52999999E -05 0. 0 . 13938994E+15
0 . 53499998E -05 0. 0 . 13938994E+15
0 .  54000002E -05 0. 0 . 13938994E+15
0 . 54500001E -05 0. 0 . 13938994E+15
0 . 54900001E -05 0. 0 . 13938995E+15
0 .  55000000E-05 0 .3 6 5 0 0 0 0 1 0 . 13994561E+15
0 . 55500000E -05 0 .3 6 5 0 0 0 0 1 0 . 18066795E+15
0 . 55999999E-05 0 .3 6 5 0 0 0 0 1 0 .31577197E+15
0 . 56499998E-05 0 .3 6 5 0 0 0 0 1 0 . 63506427E+15
0 . 57000002E -05 0 .3 6 5 0 0 0 0 1 0 .13511151E+16
0 . 57500001E -05 0 .3 6 5 0 0 0 0 1 0 . 29412975E + 16
0 . 58000001E -05 0 .3 6 5 0 0 0 0 1 0 . 64667889E+16
0 .5 8 5 0 0 0 0 0 E -0 5 0 .3 6 5 0 0 0 0 1 0 . 14281898E+17
0 .5 8 9 9 9 9 9 9 E -0 5 0 .3 6 5 0 0 0 0 1 0 . 31607775E+17
0 . 5 9 4 99998E-05 0 .3 6 5 0 0 0 0 1 0 .7 0 0 2 3 1 0 7 E+17
0 .  59899994E -05 0 .3 6 5 0 0 0 0 1 0 . 13236001E+18
0 . 60000007E-05 0. 0 .15169191E+18
0 . 60500001E -05 0. 0 .2 4 2 5 9 5 9 7 E+18
0 . 61000001E -05 0. 0 . 33233649E+18
0 .  61500004E -05 0. 0 . 40712321E+18
0 . 61999999E-d5 0. 0 .45546977E+18
0 . 62499998E -05 0. 0 .4  6995659E+18
y
Figure 5.3: Example of printed output (continued)
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SEQUAL 2 . 0  
c a l c u l a t i o n  I o f I
page 6
F i n a l  R e s u l t s
r e s o n a n t  t u n n e l i n g  d e v i c e  (a p p l .  phys,. I e t t . ,  4 8 ( 2 4 ) ,  p . 1666, 1986)
P o s i t i o n C onduction  Band E l e c t r o n  Dens.
(cm) (eV) (/cm**3)
0 . 63000002E -05 0. 0 . 44836270E+18
0 . 63500001E-05 0. 0 . 39400858E+18
0 . 63999996E-05 0. 0 .31524703E+18
0 . 64500000E -05 0. 0 . 22417760E+18
0 . 64900000E -05 0. 0 . 15185733E+18
0 . 65000004E-05 0 .3 6 5 0 0 0 0 1 0 . 13253833E+18
0 . 65499999E-05 0 .3 6 5 0 0 0 0 1 0 . 60011229E+17
0 . 65999998E-05 0 .3 6 5 0 0 0 0 1 0.27507440E+17
0 . 66500002E-05 0 .3 6 5 0 0 0 0 1 0 . 13311273E+17
0 . 67000001E-05 0 .3 6 5 0 0 0 0 1 0 . 79630943E+16
0 . 6 7 4 99996E-05 0 .3 6 5 0 0 0 0 1 0 . 79649460E+16
0 . 67999999E-05 0 .3 6 5 0 0 0 0 1 0 . 13514750E+17
0 . 68499999E-05 0 .3 6 5 0 0 0 0 1 0 . 28819871E+17
0 . 68999993E -05 0 .3 6 5 0 0 0 0 1 0 . 6 5 3 5 7 604E+17
0 . 69500006E -05 0 .3 6 5 0 0 0 0 1 0 . 15065666E+18
0 .6 9 9 0 0 0 0 2 E -0 5 0 .3 6 5 0 0 0 0 1 0.29519630E +18
0 . 70000001E -05 0. 0 . 34111472E+18
0 . 70500000E -05 0. 0 . 56871785E+18
0 . 71000004E -05 0. 0 .8 2 3 2 5 6 8 6E+18
0 . 71499999E -05 0. 0 .10842372E +19
0 . 71999998E -05 0. 0 . 13329382E+19
0 . 72500002E -05 0. 0 . 15543195E+19
0 . 73000001E -05 0. 0 . 17382395E+19
0 . 73499996E -05 0. 0 .18798473E +19
0 . 74000000E -05 0. 0 .1 9 7  9224 6E+19
0 . 74499999E -05 0. 0 . 20404274E+19
0 . 74899999E -05 0. 0 . 20663852E+19
0 . 74999994E -05 0. 0 . 20702057E+19
0 . 80000000E -05 0. 0 . 19887109E + 19
0 . 85000001E -05 0. 0 . 20006154E+19
0 . 90000003E -05 0. 0 . 19999505E+19
0 . 94999996E -05  * 0. 0 . 19998500E+19
0 . 99999997E -05 0. 0 . 1 9998793E+19
0 . 10500000E -04 0. 0 .19998764E+19
0-. 11000000E -04 0. 0 . 1 99 9 8 7 65E+19
0 .1 1 5 0 0 0 0 0 E -0 4 0. 0 . 19998763E + 19
0 . 12000001E -04 0. 0 . 19998765E+19
0 . 12500000E -04 0. 0 . 19998761E+19
Figure 5.3: Example of printed output (continued)
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*************************************************************
. A resonant tunneling device fabricated by Ray et. al.
(applied physics letters, 48(24), p. 1666, 1986) is 
. simulated. Current is computed for several biases.
Results are not self-consistent.
************************************************************* 
title resonant tunneling device (appl. phys. Iett., 48(24), p. 1666, 1986)
— input file ”rtd" contains positions in angstroms





doping nodes=10/65/76 nd+=2.e!8/0./2 .el8
— compute current for biases:
-  0 V, 0.05 V, 0.10 V, 0.15 V, 0.20 V, 0.25 V, 0.30 V
device tem p=300.0 area=9.e-6
+  bias=0.00/0.05/0.10/0.15/0.20/0.25/0.30
solve itm ax=0 prec=3 inject=r-to-l
maxima w atch= 38
print tcoeff=* form atl=zen format2=* verbose=true
output file= rt dOO /  rt d05/rt dlO/rtdl 5/rt d20/rt d25/ rt d30
-f- data=dt
Figure 5.4: Input deck for the application of several different biases
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Figure 5.6: Conduction-band profile of the resonant tunneling device for the bias of
peak current
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Sp ecia l C onsiderations
6.1. Installation N otes
SEQUAL is written in standard Fortran 77, and has been implemented at Pur­
due University on Sun® workstations and the Dual VAX 11 /780 machines. To 
ensure reasonable accuracy, floating-point representations should use at least 48 bits 
to describe the mantissa (fractional part). Therefore, typical installations must use 
double-precision complex variables. Although this is not allowed in standard For­
tran 77, the /77 compiler for the Dual VAX machines will automatically double the 
precision of all floating-point variables, when the argument “-r8” is specified. Furth­
ermore, many compilers now recognize “double complex” as a data type. To 
account for these variations in Fortran 77 compilers, three versions of SEQUAL 
exist. One Version, for machines, with a large word-length, Uses ordinary, single- 
precision complex variables. Another, for machines which recognize the “double 
complex” data type, uses double-precision complex variables. Finally, a third ver­
sion exists for machines with insufficient precision and a strict compiler; this final 
version simulates the double-precision complex type by using pairs of double- 
precision variables.
For the analysis of bound states, SEQUAL relies upon eigrf in the International 
Mathematical and Statistical Library (IMSL). If this subroutine is not available to 
the user, it can be removed from the program code, and the bound-state analysis 
can be disabled. To accomplish these tasks, the user must comment-out the subrou­
tine call, which appears in the subroutine bstate:
c
: : c-' "
c zzz ZZZ zzz MACHINE DEPENDENT CODE zzz zzz zzz 
' c
c If IMSL routines are unavailable, comment out the 
c following line, so that SEQUAL can be compiled: 
c •. -• . -
c call eigrf(matrix,nodes,ia,ijob,val,vec,ia,wk,ier)
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In addition, the constant imsl in the main program should be properly set, to disable 
the bound-state analysis:
c
c zzz zzz zzz MACHINE DEPENDENT CODE zzz zzz zzz 
c
c imsl ... if IMSL routines are unavailable for a host 
c system, the parameter ’imsl’ below should
c be assigned the value ’.false.’
c
integer zimax, mxque, maxiter, maxii, errmax 




+  m axiter=30,
+  im s l= .false. )
c
Notice that both of these corrections are clearly marked in the program code by the 
comment,:
c zzz zzz zzz MACHINE DEPENDENT CODE zzz zzz zzz
In SEQUAL, all machine-dependent constants are marked in this m anner. For a 
proper installation, the user should search the program code for all appearances of 
this comment, and follow the instructions immediately following it. Since the vast 
majority qf machine-dependent constants are used to check for overflow or underflow, 
the corrections should be obvious.
6.2. P itfalls to Avoid
Among the most frustrating problems that a user might encounter are those 
which arise from the physics of a particular analysis. Suppose a (weary) user has 
created a device description and an input deck, has run SEQUAL, and has obtained 
results which appear to be in error. Resisting his impulse to burn this manual, the 
user would receive his reward in this section; it is devoted to relieving both confusion 
and misery.
At the heart of the propagating-state analysis lies the assumption that contacts 
are in local, thermodynamic equilibrium. Unless the potential profile is sufficiently flat 
near each contact, this assumption will be violated. To guarantee a proper analysis,
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it is prudent to include “buffer” regions between the ideal contacts (nodes 0 and N) 
and the actual region of interest in the device. For example, in Chapter 5, the 
analysis of a resonant tunneling device included 500 A buffer layers of GaAs, separat­
ing nodes 0 and N from the interior of the device. These buffer layers are merely 
extensions of the contacts, with the same material properties and the same density of 
ionized donors. They should be long enough to allow equilibrium to be restored: Elec­
tron density should return to the density of ionized donors, and the electrostatic 
potential should flatten out (i.e.r electric fields should decay to zero), within these 
regions. Because of the recursive dependence of both the electron density and the 
electrostatic potential, the use of buffer layers is especially important in self- 
consistent calculations. Unless equilibrium is restored near the contacts, errors in 
either the electron density or the electrostatic potential will feed back into the solu­
tion, making convergence an impossible goal.
Another source of feedback can further aggravate problems in convergence: If 
the contacts (or buffer layers) are lightly-doped with respect to the internal device 
structure, a self-consistent solution may be difficult to obtain. In this case, most of 
the band-bending (and most of the applied bias) will appear in buffer layers. Restor­
ing equilibrium conditions near the contacts will be difficult. To some degree, the 
length of buffer layers can be increased; the analysis of long devices, however, is itself 
a difficult task, which will be described below.
In the same manner, non-equilibrium solutions may be difficult to obtain for 
conduction-band profiles which do not obstruct the flow of electrons. For instance, if 
the user attempts to apply a bias to a uniform block of semiconductor (for which the 
equilibrium conduction-band profile is completely flat), the results obtained will be 
nonsense. For a reasonable bias, the electron density will be higher at one contact, 
and lower at the other. In a real device, the flow of electrons is somewhat impeded 
by interactions with scattering mechanisms; in the limit of ballistic transport, how­
ever, there is nothing to impede the flow of electrons, aside from interactions with the 
potential. A conduction-band profile without reflective features might be thought of 
as representing a device with infinite conductance; because it is unable to support a 
bias, the user should not consider applying a bias.
In the analysis of bound states, the use of buffer layers is also important. As 
boundary conditions to the finite-difference solution of the Schrodinger equation, it 
was assumed that the wavefunction is zero at each end of the device (nodes 0 and N). 
If the wavefunction decays sufficiently within the buffer regions, this assumption is 
valid; otherwise, the solution of eigensystem may be in error.
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From the preceding discussion, one might be tempted to include buffer layers of 
classical dimensions (say, ~ I /im) in every calculation. Unfortunately, this solution 
would create an even larger problem. As the overall device length increases, the 
waVefunction magnitude becomes a rapidly varying function of kz. To insure an accu­
rate integration of the wavefunction, SEQUAL integrates the kz intervals between 
peaks in the wavefunction magnitude (see section 2.1.3). Therefore, the number of 
points in kz space (and hence, the number of wavefunction solutions) increases 
dramatically with increasing device length. For devices with classical dimensions 
(~ I /im), the execution time of SEQUAL may be prohibitive. Typically, buffer 
regions 500 A to 1000 A long are sufficient to guarantee proper results. As a rule, it is 
more efficient to start with buffer layers that are too short, rather than too long.
Given the density of ionized donors, SEQUAL will compute the Fermi-level Ep for 
each contact (nodes 0 and N). Because the electron density calculated for the 
propagating-state solution is extremely sensitive to the Fermi-level, the proper Ep 
must be calculated within SEQUAL. A problem can arise, however, when using the 
output of classical analysis programs, which allow for non-parabolicity of the energy 
dispersion relation. For a device with contacts of differing materials, the Fermi-Ievels 
calculated by SEQUAL may not correspond to those found in the (non-parabolic) clas­
sical analysis. In this case, the device will appear to have a different bias in SEQUAL 
(i.e., a different separation in the contact Fermi-levels) than it did in the classical 
analysis. This bias would be noted in the printed-output section of final results. 
When listing the bias across device, SEQUAL provides both the actual bias (e\g., 
separation in contact Fermi-levels) and the applied bias. To remedy this situation, 
the user could apply a bias across the device which will counteract the erroneous 
Fermi-level separation.
Although (hopefully) the discussion above might be helpful, it is not intended to 
cover every conceivable problem. One final word of advice, from an author who has 
invested countless hours in the examination of program output: If SEQUAL says so, 
it is probably correct. More often than not, I have found a problem to stem from my 
own misconceptions and mistakes, rather than from the regimented computations of 
the program.
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Appendix
R elease 2.1
The following is a reprint of an update summarizing changes in SEQUAL for 
release 2.1. A few example calculations are presented, illustrating some of the changes 
in program controls.
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At the request of various users, several enhancements have been added to 
SEQUAL. The purpose of this document is to explain the additions, and to illustrate 
the use of new input keys in example calculations. Important changes are as follows:
O  A card kzgrid was added to the input deck, allowing the user to specify the 
mesh in kz-space (see SEQUAL User’s Manual, p. 8). Although the automatic 
(default) mesh is recommended for most purposes, it is sometimes desirable to 
"zoom-in" on a particular region of the transmission coefficient in energy 
space; an example of this use is presented near the end of this document.
O  A key itvar was added to the solve card, allowing the user more control over 
self-consistent calculations. Previously, the current density was used to 
determine convergence: When the required number of significant figures had 
been attained (specified by prec on the solve card), iteration was terminated. 
For equilibrium calculations, an exact cancellation of oppositely flowing 
currents is difficult to achieve. In this case, the current density should not be 
used to control convergence. Furthermore, the current density is identically 
zero for bound state calculations, and therefore provides no information. The 
new key itvar allows the user to specify which program variable, current den­
sity or electrostatic potential (or both), should determine convergence.
Q  For SEQUAL 2.0, results of a self-consistent calculation were written only 
upon convergence of the final solution. Because the execution time for a 
self-consistent calculation can be quite long, the partial results ^ from each 
iteration are now written (and over-written), according to the output requests 
of the user (see card output in the user’s manual).
O  Previously, it was assumed that starting position for any device (i.e., the first 
value specified for “z” in an input file) was zero; this restriction has been 
removed. For many practical devices, an “interesting” region of the
potential is surrounded by large regions over -which the potential is constant. 
Because the length of a device can substantially affect the execution time of 
SEQUAL, it is prudent to trim the output from classical analysis programs. 
It is therefore convenient that the position-space grid be allowed to start 
from any value.
O  A (small) bug in the solution of Poisson’s equation (subroutine POISS) was 
corrected. This particular problem occurred only when the electron density 
was zero at some node, since a necessary logarithm became undefined. This 
problem prevented a self-consistent calculation of bound states, because the 
bound state wave function vanishes at the ends of the device. An example of 
a self-consistent calculation for the bound states of a AlGaAs/GaAs interface 
is presented near the end of this document.
The remainder of this update contains the following. Changes necessary to 
upgrade SEQUAL for use with IMSL 10.0 are presented below. A summary of the syn­
tax for the kzgrid and solve cards is presented, followed by two example problems illus­
trating their Use. Example output is presented for analyses of a double-barrier resonant 
tunneling device, and an AlGaAs/GaAs interface.
Conversion to IMSL 10.0
Solution of the bound states in SEQUAL 2.1 requires a solution of the eigensystem 
for a real general matrix. A subroutine in the IMSL library is used for this purpose.1 
SEQUAL 2.1 is released to be compatible with IMSL 9.2, although the most current ver­
sion of IMSL is 10.0. To upgrade SEQUAL for use with this version, the following 
changes must be made:
* IMSL »  unavailable, any comparable eigensystem solver could be substituted in the 
subroutine BSTATE. Ifno such alternative is available, the bound state solution must be
removed from the program (see the Sequal User’s Manual, p. 59).
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Immediately before the first executable line in the main program, insert the 
following:
c
c zzz zzz zzz MACHINE DEPENDENT CODE zzz zzz zzz 
c
c If IMSL version 10.0 is not available, comment out 
c the following lines: 
c
common /worksp/ rwksp 
real rwksp (126022) 
c
c .— —— ------------- -— -------------------------- ------- ,-----------
c Create workspace for IMSL eigenvalue solver...
c — ----------------------------------------------------------------------
c
if (imsl) then 
call iwkin(l26022) 
endif
□ At the start of subroutine ESTATE, add:
external evcrg, epirg 
real epirg
In subroutine BSTATE, the call to IMSL subroutine "eigrf" must be changed to 
the following two IMSL calls:
c
c zzz zzz zzz MACHINE DEPENDENT CODE zzz zzz zzz 
c
c If IMSL routines are unavailable, comment out the 
c following 2 lines, so that SEQUAL can be compiled: 
c
call evcrg(nodes,matrix,zimax,val,vec,zimax)
bsperf =  epirg(nodes, nodes, matrix, zimax,val,vec,zimax)
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Input Deck: kzgrid
k Z g rid  specify kz-grid for propagating states
Default State:
kzgrid auto=true from=0.0 to=0.0 Steps=I
auto The key auto is a switch controlling the kz-grid specification. If true,
the automatic (default) grid is selected, and all other kzgrid keys are 
ignored. If false, the remaining keys specify the kz-grid. Points in the 
user-specified grid are uniformly distributed in kz-space, and form the 
basis for isolating wavefunction maxima (see Sequal User’s Manual, p. 
8). Because the user-specified grid may not always be sufficiently dense, 
the automatic grid is highly recommended for typical calculations.
from
to The energy range for the user-defined kz-space grid is specified by the
values assigned to from and to, in units of eV. For a given computa­
tion, only a single energy range is allowed; however, results from several 
energy ranges can be obtained by multiple assignments to these two 
keys.
steps The interval of kz-space corresponding to the energy range defined by
from and to is broken into an equal number of intervals, according to 
the value assigned to steps. As for the automatic grid, the step size is 
uniform with respect to kz, not energy. Both the user-defined and 
automatic grids form a skeletal grid, to which kz-nodes corresponding to 
wave function maxima are added. It is this composite grid which is 
used for output of the transmission coefficient. Hence, the number of 
points on this grid may be larger than the value assigned to steps, and 
the spacing (even in kz-space) may not always be uniform.
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Input Deck: solve
solve specify parameters controlling the analysis
Default State:
solve prec==3 itmax=9 itvar=jv states=prop inject—both
prec The number of significant figures desired for important quantities can
be assigned to the prec key of the solve card. “Important” quantities 
include the electron density, the current density, and the Fermi-level in 
each contact. Since SEQUAL will struggle admirably (at the expense of 
CPU time) to achieve whatever precision is specified, the value should 
be kept within reasonable limits.
Ttmax For a self-consistent analysis, SEQUAL solves iteratively for the elec­
trostatic potential and the electron density. Convergence is achieved 
when the number of significant figures in some quantity (between itera­
tions) settles down to the number requested. To avoid excessive use of 
CPU time in obtaining convergence, SEQUAL terminates iteration when 
the number of iterations exceeds the value assigned to Umax. Therefore, 
iteration can be suppressed by specifying zero as the maximum number 
of iterations. If results are written to output files (see description of the 
output card), iteration can be continued at any point, by using the out­
put of a previous run as the input device description file (see Figure 4.2 
in the Sequal User’s Manual).
itvar Self-consistent calculations are terminated when the quantity specified
by itvar achieves the requested precision. This quantity can be current 
density, electrostatic potential or both:
Value Q uantity which determines convergence
j Current density
V Electrostatic potential
jv, vj Current density and electrostatic potential
For bound state and equilibrium calculations, current density is zero, 
and the electrostatic potential is the recommended quantity for deter­
mining convergence.
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Input Deck: solve
Both propagating and bound electronic states can be considered in the 
solution of the Schrddinger equation, according to the value assigned to 
s ta te s :
Value Implication
prop Consider propagating electronic states
bound Consider bound electronic states
all Consider propagating and bound states
The default is to consider only the propagating states, since bound 
states do not contribute to current density. Furthermore, the popula­
tion of bound states is correct only for devices in equilibrium. For small 
deviations from equilibrium, however, the bound-state result obtained is 
a reasonable approximation to the correct solution. The consideration 
of bound states is particularly important for a self-consistent solution. 
Because the electrostatic potential is determined from the electron den­
sity, the bound-state contribution (even if it is only approximate) can 
significantly alter the final result.
inject In the solution of Schrbdinger’s equation for propagating states, elec­
trons can be injected into the device from two contacts. Each contact 
provides a separate contribution to both electron density and current 
density. The value assigned to in je c t  determines which of the contribu­
tions will be calculated:
Value Implication
1-to-r Consider electrons propagating 
from left to right 
(inject from left contact)
r-to-1 Consider electrons propagating 
from right to left 
(inject from right contact)
both Inject from both contacts
Because the vast majority of devices require an analysis with injection 
from both contacts, the default value is “both.’.’ In special cases,
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however, the contribution from one contact may be insignificant. Con­
sider, for example, the calculation of electron current for a p-n junction. 
Injection from the p-type contact is unnecessary, since the current com­
ponent would be negligible.
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E xam ple I
The following represents a typical example use of the kzgrid card. A double­
barrier resonant tunneling structure is analyzed with the default k2-space grid, and 
the resulting transmission coefficient is shown in Fig. I below. Squares mark the 
actual points output from SEQUAL. These points are a combination of the uniform 
(au omatic) grid and extra kz-points corresponding to wave function maxima. Near 
the first peak in the transmission coefficient, the ky-grid appears to be a bit sparse.
® QUA  r S COnSlderably hiSher resolution for integration of the wavefunction, 
although these additional points are not printed out for the transmission coefficient.
erefore, to increase the output resolution of the transmission coefficient, we are left 
with two alternatives. The first is to reduce the automatic step size by assigning a 
fraction to the kscale parameter (see detailed discussion of the maxima card in the 
Sequal User’s Manual). Although this solves the problem, it is a tremendous waste of
ime, since we are only interested in increasing the resolution in a narrow band
of energy, instead, we add a kzgrid card to original input deck, and obtain the output
attached on the following pages. A plot of the transmission coefficient with enhanced 
resolution is shown in Fig 2.
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T r a n s m i s s i o n  C o e f f i c i e n t
0.375000.12500 0.25000
E n e r g y  ( e V )
Fig. I A plot of transmission coefficient for a resonant tunneling structure.
Squares (□) mark the grid points obtained from an analysis using the 
default (automatic) grid.
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T r a n s m i s s i o n  C o e f f i c i e n t
0.07000 0.08250 0.09500 0.10750 0.12000
E n e r g y  ( e V )
A plot of transmission coefficient in a small energy range near the first 
resonance. Squares (□) mark the grid points obtained from an analysis 
with a user-specified grid.
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t i t l e  e x a m p l e  o f  m a n u a l  k z g r i d  s e l e c t i o n
» »  u s e  o u t p u t  o f  p r e v i o u s  s e l f - c o n s i s t e n t  a n a l y s i s  <$<<< 
» »  f o r  i n p u t  i n  p r e s e n t  c a l c u l a t i o n .  « < <
i n p u t  f i l e = r t d . z . . . k  f o r m a t= z e v ? ? ? d m k
d e v i c e  t e m p - 3 0 0 . 0  b i a s = 0 .0
s o l v e  Itm ax=O  p r e c = 3  s t a t e s = p r o p
» > >  s e l e c t  m a n u a l  k z - s p a c e  g r i d  t o  zoom i n  on  f i r s t  « < <  
» »  q u a s i - b o u n d  s t a t e . « < <
k z g r i d  a u t o = f a l s e  f r o m = 0 . 07 t o - 0 ‘. 12 s t e p s = 5 0
p r i n t  f o r m a t l = *  f o r m a t 2 = *  v e r b o s e - t r u e  
o u t p u t  f i l e = r t d l  d a t a = d t
E x e c u t i n g  a t o t a l  o f  I  c a l c u l a t i o n ( s )  .
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SEQUAL 2.1 page 2
calculation I of I Summary of Input Information
e x a m p le  o f  m a n u a l  k z g r i d  s e l e c t i o n
l e f t  c o n t a c t  - - -------------------------------------------------
! d o p i n g  d e n s i t y :  0 . 1 0 0 0 0 0 0 6 E + 1 9  / c m * * 3 . I
! e f f e c t i v e  m a s s :  0 . 6 7 0 0 0 0 3 1 E - 0 1  mO !
! E f  -  E c : 0 . 4 1 8 3 3 0 4 3 E - 0 1  eV !
N o d e s  < - - — •--------------- - - - - - --------------------
w a t c h e d :  + — —-— + ' !
! / / / / / / ! +  < -  0 . 0  A n g s t r o m s
0 > +------ - - + '  I
I ! ! ! ! ! ! t e m p e r a t u r e :
! VWV ! ! c r o s s - s e c t i o n a l  a r e a :
! ! I b i a s  a p p l i e d  t o  s t r u c t u r e :
! l - > r  ! ! p r o p a g a t i n g  e l e c t r o n  E t :
! ! ! i n t r i n s i c  c a r r i e r  c o n e . :
! ! !
I r - > l  ! ! e l e c t r o n i c  s t a t e s  a r e :
! ! !
I AAAA J I
! ! ! I !  ! + < -  8 5 0 . 0  A n g s t r o m s
101 > + —  — — +' !
! / / / / / / !  + < - -  r i g h t  c o n t a c t  ----------------------
■+-;--------! d o p i n g  d e n s i t y :  0 . 10000006E-I-19 /c m ^ * 3  !
! e f f e c t i v e  m a s s :  0 . 6 7 0 0 0 0 3 1 E - 0 1  mO !
! Ef -  Ec: 0 . 4 1 8 3 3 0 4 3 E - 0 1  eV !
PROPAGATING K z-G R ID : u s e r - d e f i n e d  e n e r g y  w in d ow ;
From e n e r g y :  0 . 7 0 0 0 0 0 5 2 E - 0 1  eV
To e n e r g y :  0 . 1 2 0 0 0 0 0 6  eV
Number o f  s t e p s :  50
INPUT (ASC II ) -  XX + - - --------------------- + XX OUTPUT (ASCII ) -
r t d . z . . . k XXXXXXXX ! ! XXXXXXXX r t d l . z . . . k
XXXXXXXXXX ! SEQUAL 2 . 1  ! XXXXXXXXXX r t d l . t l r - e c  
f o r m a t :  XXXXXXXX ! ! XXXXXXXX r t d l . t r l - e c
z e v ? ? ? d m k  XX + - ---------------------- +  XX
3 0 0 . 0 0 0 0  K
1 . 0 0 0 0 0 0 0  cm**2  
0 .0 0 0 0 0 0 0 0 E + Q 0  V
1 . 0 0 0 0 0 0 0  Kb T
0 . 1 7 9 0 0 0 0 0 E + 0 7  /c m * * 3
p r o p a g a t i n g
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e x a m p le  o f  m a n u a l  k z g r i d  s e l e c t i o n
SEQUAL 2.1 page 3
calculation I of I Statistics and Iteration Data
WAVEFUNCTION FOR PROPAGATING ELECTRONS: U se  o f  k z - s p a c e  n o d e s
I t e r a t i o n : # 0
k z - s p a c e  n o d e s  . . .  
u s e d  i n  i s o l a t i n g  m a x im a :  73
u s e d  i n  i n t e g r a t i o n :  288
m i s c e l l a n e o u s :  108
TOTAL: 469
WAVEFUNCTION FOR PROPAGATING ELECTRONS: I n t e g r a t i o n  c o n c e r n s
I t e r a t i o n : # 0
k z - s p a c e  m axim a f o u n d : 6
A v e r a g e  m axima s e p a r a t i o n
/  k z - s t e p
. . .  I e f t - t o - r i g h t : 3 . 6 9 4 2
. . .  r i g h t - t o - l e f t : 3 . 6 9 5 8
Number o f  k z - s p a c e
i n t e r v a l s  i n t e g r a t e d : 12
G a u s s - L e g e n d r e  i n t e g r a t i o n
h i g h e s t  o r d e r : , 10
l o w e s t  o r d e r : 6
a v e r a g e  o r d e r : 7
September 14, 1988 SEQUALRevisionNotes 13
° f  m a n u a l  k z S r i d  s e l e c t i o n
SEQUAL 2.1
calculation I of I
Coiriments
p a g e  4 
on  t h e  C a l c u l a t i o n
TYPE REMARK
SUGGESTION /  EXPLANATION
.' W a rn in g  ! U s i n g  a  m a n u a l  k z - g r i d  f o r  
J • i n j e c t i o n  o f  e l e c t r o n s
•' i n  p r o p a g a t i n g  s t a t e s .
• E l e c t r o n / c u r r e n t  d e n s i t y  ! 
o b t a i n e d  may b e  a  f r a c t i o n  ! 
o f  t h e  p r o p e r  v a l u e .  i
14 SEQUALRevisionNotes September 14, 1988
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SEQUAL 2.1 page 5
calculation I of I Final Results
e x a m p le  o f  m a n u a l  k r .g r i d  s e l e c t i o n




- 0 . 4 9 0 9 3 8 E + 0 4  A 
- 0 . 4 9 0 9 5 9 E + 0 4  A
0 . 2 1 0 9 3 8 E + 0 0  A
In  I n p u t  F i l e :  
A p p l i e d  B i a s :
T o t a l  V o l t a g e :
0 . 0 0 0 0 0 0 E + 0 0  V 
0 . OOOOOOE+OO V
0 . 0 0 0 0 0 0 E + 0 0  V
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3
Exam ple 2
As a demonstration of the itvar key, we perform a self-consistent analysis of 
bound states at an AlGaAs/GaAs interface. Because we are considering only bound 
states, current density is zero. In this case, the electrostatic potential alone should 
determine convergence. To specify this, we include "itvar=v" on the solve card. Out­
put for this example is presented on pages that follow. (For a schematic view of the 
device, see output page I.)
The calculated sheet density for electrons confined near the interface is 
nS 1*74x10 cin . It is important to recognize that this density includes electrons 
in both AlGaAs and GaAs layers, as illustrated in Figs. 3 and 4. Fig. 3 presents the 
self-consistent conduction band profile, and Fig. 4, the corresponding electron density, 
for a region of the structure near the interface. Although typically the AlGaAs layer 
is assumed to be depleted, in this case a substantial amount of the sheet density ns 
can be attributed to electrons in the AlGaAs layer.
Note that, according to SEQUAL, the device appears to be biased (see output 
pages 5 and 8 On the following pages). This is because the input structure was taken 
from FISHlD, a semiclassical heterojunction analysis program. In FISHlD, all valleys 
(including F and X) are taken into account to determine the contact Fermi potentials, 
whereas only the T-valley is considered in SEQUAL. Therefore, a “bias” appears 
across the structure in SEQUAL, although the same structure is in equilibrium for 
FISH1D. The “bias” can be removed in SEQUAL by applying additional bias to 
counteract it. However, in this example that is unnecessary. Bound states are popu­
lated according to the Fermi level of the back contact, so this false “ bias” can be 
ignored.
SEQUAL RevisionNotes September 21, 1988
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0.00000 0.05000 0.10000 0.15000 0.20000
P o s i t i o n  ( c m )  ( x  io - 4 )
Fig. 3 The self-consistent conduction band diagram for an AlGaAs/GaAs
interface, obtained by considering only bound states.
Fig. 4







0.00000 0.05000 0.10000 0.15000 0.20000
P o s i t i o n  ( c m )  ( x io ~ 4 )
The total electron density in all bound states, for the region of the con­
duction band shown above. Notice that the electron density in the 
AlGaAs layer (left hump) is substantial.
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------- ------XXXX XXXXX XXXX XX XX XXXX XX
XX XX XX XX XX XX XX XX XX
-----------XXX XXXX XX XX XX XX XXXXXX XX -
XX XX XX X XX XX XX XX XX
—  XXXX XXXXX XXX X XXXXX XX XX XXXXXX
SEQUAL 2 . 1  
P u r d u e  U n i v e r s i t y  
A u g u s t  1988
SEQUAL: i n p u t  d e c k
********************************************************
** b o u n d  s t a t e  e x a m p l e :  a l g a a s  /  g a a s  i n t e r f a c e
* *
★  * 
★  * I -■
s c h o t t k y  b a r r i e r I < —  p h i  -  0 . 8 6





a l g a a s  ( x - 0 . 3 ) I A




n d  — I . 0 e l 8  / c m * *3 I v





g a a s
I I 9 5 0 0  a n g s t★  ★  
★  ★
I nd  -  l . e l 4  / c m * * 3 I v
★ *
*★  
★  ★  
★ * 
★  ★  
★  ★  
★  *  
★  ★  
★  ★ 
★  ★  
★ * 
★  *  
★  ★ 
★  ★ 
★  ★
********************************************************
t i t l e  b o u n d - s t a t e  e x a m p l e :  a l g a a s / g a a s  i n t e r f a c e
» »  o u t p u t  f r o m  f i s h l d  h a s  p o s i t i o n  i n  m i c r o n s .  « «  
> > »  s p e c i f y  s c a l e  f a c t o r  f o r  p r o p e r  l e n g t h  s c a l e .  « «
i n p u t  f i l e - i n . f i s h l d  f o r m a t - z v d ? ? e ? ? ?  
s c a l e  c m = l . e 4
m a t t e r  n o d e s - 5 0 / 2 2 5  e m a s s - 0 . 0 8 0 3 / 0 . 0 6 7  k r e l - 1 1 . 9 / 1 2 . 8 4 7  
d o p i n g  n o d e s - 5 0 / 2 2 5  . n d + = l . e l 8 / l . e l 4
d e v i c e  t e m p - 3 0 0 . 0  b i a s - 0 . 0
>:>>> ^o r  b o u n d  s t a t e s ,  t h e r e  i s  no c u r r e n t .  s e t  i t v a r - v  < « <  
» »  t o  u s e  c o n v e r g e n c e  o f  t h e  e l e c t r o s t a t i c  p o t e n t i a l  « «
a s  t h e  c r i t e r i o n  f o r  a  s e l f - c o n s i s t e n t  s o l u t i o n .  « «
s o l v e  i t m a x - 1 0  p r e c = 3  s t a t e s - b o u n d  i t v a r - v
p r i n t  f o r m a t l - *  f o r m a t 2 - *  v e r b o s e - t r u e
o u t p u t  f i l e - i n t f a c e  d a t a - d b
E x e c u t i n g  a  t o t a l  o f  I  c a l c u l a t i o n ( s ) .
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SEQUAL 2 . 1  p a g e  2
p r e l i m i n a r y  i n f o r m a t i o n  Summary b f  I n p u t  I n f o r m a t i o n
b o u n d - s t a t e  e x a m p l e :  a l g a a s / g a a s  i n t e r f a c e
F o r  a l l  c a l c u l a t i o n s ,  t h e  f o l l o w i n g  a s s u m p t i o n s  a p p l y ,  
r e g a r d l e s s  o f  d a t a  r e a d  f r o m  i n p u t  f i l e ( s ) .
, + — —- - - +  n o d e  0
+ — - — - + '  I e f f e c t i v e  m a s s  -  0 . 8 0 3 0 0 1 E - 0 1  mO
! ! I d i e l e c t r i c  c o n s t a n t  -  1 1 . 9 0 0 0  eO
! I + n o d e  50
+ - - — - - + ' + n o d e  51
+— — - - + ' !  e f f e c t i v e  m a ss  -  0 . 6 7 0 0 0 0 E - 0 1  mO
! ! ! d i e l e c t r i c  c o n s t a n t  -  1 2 . 8 4 7 0  eO
I ! + n o d e  2 2 5
+-•---- „ + /
,  ^ n o d e  0
+ — — — + ' ! d o n o r  d o p i n g  d e n s i t y
! ! + n o d e  50
+ - - - - - - + ' +  n o d e  51
+ — — + ' !  d o n o r  d o p i n g  d e n s i t y
! ! + n o d e  2 2 5
+ — ------+'
-  0 . 1 0 0 0 0 0 E + 1 9  / c m * * 3
-  0 . lOOOOOE+15 / c m * *3
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SEQUAL 2.1
calculation I of I p a g e  3Summary o f  I n p u t  I n f o r m a t i o n
b o u n d - s t a t e  e x a m p l e :  a l g a a s / g a a s  i n t e r f a c e
l e f t  c o n t a c t  ------------
I d o p i n g  d e n s i t y : 0 . 1 0 0 0 0 0 0 3 E + 1 9 /c m * *3 !
! e f f e c t i v e  m a s s : 0 . 8 Q 3 0 0 0 9 3 E -0 1 mO !
N o d e s
! E f  -  E c : 0 . 3 0 0 8 7 0 0 9 E - 0 1 eV !
9 + *”------+ < - -
w a t c h e d :  + ------------ + '  !
! / / / / / / !  + < -  0 . 0  A n g s t r o m s
0 > +----------+' !
• • S t e m p e r a t u r e :
! ! ! c r o s s - s e c t i o n a l  a r e a :
• ! ! b i a s  a p p l i e d  t o  s t r u c t u r e :
I ! ! p r o p a g a t i n g  e l e c t r o n  E t :
5 ! ! i n t r i n s i c  c a r r i e r  c o n e . :
! ! !
■ ! ! e l e c t r o n i c  s t a t e s  a r e :I ! !
! ! !
3 0 0 . 0 0 0 0  K
1 . 0 0 0 0 0 0 0  cm**2  
0 .Q 0 0 0 0 0 0 0 E + 0 0  V
1 . 0 0 0 0 0 0 0  Kb T
0 . 1 7 9 0 0 0 0 0 E + 0 7  /c m * * 3
b o u n d
! ! + < -  1 0 0 0 0 . 0  A n g s t r o m s
2 2 5  > + ----------- + '  !
! / / / / / / !  + < —  r i g h t  c o n t a c t --------------------------------------------------------------
+ —  ------ + '  ! d o p i n g  d e n s i t y :  0 . 1 0 0 0 0 0 0 1 E + 1 5  /c m * * 3  !
! e f f e c t i v e  m a s s :  0 . 6 7 0 0 0 0 3 1 E - 0 1  mO !
! E f  -  E c : - 0 . 2 1 6 5 9 6 8 4  eV !
INPUT (A SC II ) -  XX + ----------- -------------- + XX OUTPUT (ASCII )
i n . f i s h l d  XXXXXXXX ! !XXXXXXXX i n t f a c e . z . . . k
 ^ XXXXXXXXXX ! SEQUAL 2 . 1  ! XXXXXXXXXX i n t f a c e . b s - e n
f o r m a t :  XXXXXXXX ! I XXXXXXXX
z v d ? ? e ? ? ?  XX + -------------------------+ XX
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SEQUAL 2 . 1  
c a l c u l a t i o n I  o f  I
p a g e  4
S t a t i s t i c s  a n d  i t e r a t i o n  D a ta
b o u n d - 9 t a t e e x a m p l e :  a l g a a s / g a a s  i n t e r f a c e
I t e r a t i o n C u r r e n t  (A) S i g n i f i c a n t Max C h an ge  S i g n i f i c a n t
Number F i g s  i n  C u r r e n t i n  V( Z)  F i g s  i n  V ( z )
I 0 . 0 0 0 0 0 0 0 E + 0 0 3 0 . 9 4 6 E - 0 2  I
2 O.OOOOOOOE+OO 3 0 . 1 9 7 E - 0 2  2
3 0 . 0 0 0 0 0 0 0 E + 0 0 3 0 . 5 0 9 E - 0 3  3
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SEQUAL 2 . 1
c a l c u l a t i o n  I  o f  I  _ p a g e  5
------- ------------------ . . . .__________________________________  Com m ents on  t h e  C a l c u l a t i o n
b o u n d - s t a t e  e x a m p l e :  a l g a a s / g a a s  i n t e r f a c e  7 " ----------
TYPE REMARK
SUGGESTION /  EXPLANATION
W a rn in g  ! O b t a i n i n g  c o n v e r g e n c e  i n  a  !
• s e l f - c o n s i s t e n t  c a l c u l a t i o n  !
! may b e  d i f f i c u l t .  i
C a u t i o n  ! P o p u l a t i o n  o f  b o u n d - s t a t e s  !
! may b e  i n c o r r e c t ,  s i n c e  I
! d e v i c e  i s  u n d e r  b i a s .  i
C o n t a c t s  s h o u l d  b e  m ore  
h e a v i l y  d o p e d  t h a n  t h e  
i n t e r n a l  d e v i c e  s t r u c t u r e .
D e v i c e  m u st  b e  i n  ( o r  n e a r )  
e q u i l i b r i u m  f o r  F e r m i - D i r a c  
s t a t i s t i c s  t o  a p p l y .
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SEQUAL 2 . 1  p a g e  6
c a l c u l a t i o n  I  o f  I  B o u n d - S t a t e  C a l c u l a t i o n
b o u n d - s t a t e  e x a m p le :  a l g a a s / g a a s  i n t e r f a c e
NOTE: C o n f i d e n c e  i n  t h e  b o u n d - s t a t e  s o l u t i o n  i s  h i g h
B o u n d - S t a t e  E l e c t r o n  D e n s .  O c c u p a t io n
E n e r g y  (eV) ( /c m * * 2 )  (% o f  t o t a l )
- 0 . 2 3 3 4 6 7 1 0  0 . 783504 7 0 E + 1 2  4 5 .0 1 8 5 3 9
- 0 . 1 9 9 1 4 6 4 5  0 . 3 5 6 7 2 3 4 6 E + 1 2  2 0 . 4 9 6 5 8 2
- 0 . 1 8 5 7 2 9 0 3  0 . 193340 9 0 E + 1 2  1 1 . 1 0 8 9 6 4
- 0 . 1 6 7 9 1 4 0 9  0 . 12 1 8 5 2 4 6 E + 1 2  7 . 0 0 1 3 8 7 6
- 0 . 1 5 9 7 0 1 4 7  0 . 7 7 0 0 1327E + 11  4 . 4 2 4 3 3 7 4
- 0 . 1 4 2 9 7 8 4 3  0 . 4 1 6 1 0449E + 11  2 .3 9 0 8 4 9 1
- 0 . 1 3 4 7 4 4 8 2  0 . 34 4 2 1 9 8 9 E + 1 1  1 . 9 7 7 8 1 5 6
- 0 . 1 2 8 6 1 8 7 2  0 . 24 3 0 5 6 9 7 E + 1 1  1 . 3 9 6 5 5 4 0
- 0 . 1 1 8 9 0 6 3 8  O'. 1 6 5 0 8072E + 11  0 .9 4 8 5 1 9 2 3
- 0 . 1 1 0 6 5 4 0 0  0 . 12 0 7 2 2 3 9 E + 1 1  0 .6 9 3 6 4 5 6 6
- 0 . 1 0 3 9 5 4 5 5  0 . 9 5209677E + 10  0 .5 4 7 0 5 4 7 7
- 0 . 9 9 2 9 4 6 0 3 E - 0 1  0 . 833396 7 4 E + 1 0  0 .4 7 8 8 5 2 5 1
- 0 . 9 5 3 5 7 9 5 5 E - 0 1  0 . 690414 3 9 E + 1 0  0 . 3 9 6 6 9 7 5 8
- 0 . 9 0 5 9 5 9 6 IE -O I 0 . 558913 9 5 E + 1 0  0 .3 2 1 1 4 0 1 7
- 0 . 8 5 9 5 4 4 2 8 E - 0 1  0 . 464433 9 7 E + 1 0  0 .2 6 6 8 5 4 1 1
-O'. 8 1 7 0 1 3 9 8 E - 0 1  0 . 39 3 5 2 5 7 1 E + 1 0  0 .2 2 6 1 1 1 6 5
- 0 . 7  7 8 4 0 924 E- 0 1 0 . 33 8 9 4 7 2 5 E + 1 0  0 . 1 9 4 7 5 1 9 8
- 0 . 7 4 3 3 8 7 3 4 E - 0 1  0 . 29 6 2 8 8 1 5 E + 1 0  0 . 1 7 0 2 4 1 0 0
- 0 . 7 1 1 6 2 6 4 IE -O I 0 . 2 6 2 5 1 2 4 4 E + 1 0  0 . 1 5 0 8 3 4 1 4
- 0 . 6 8 2 8 3 8 5 6 E - 0 1  0 . 2 3 5 5 5379E + 10  0 .1 3 5 3 4 4 2 7
- 0 . 6 5 8 4 8 2 3 IE -O I 0 . 21 4 8 6 2 1 1 E + 1 0  0 . 1 2 3 4 5 5 2 9
- 0 . 6 3 8 1 4 1 0 4 E - 0 1  0 . 2 0 0 0 5722E + 10  0 . 1 1 4 9 4 8 6 9
- 0 . 6 1 3 2 4 3 1 7 E - 0 1  0 . 1 8 4 5 9904E + 10  0 .1 0 6 0 6 6 7 6
- 0 . 5 9 6 6 0 7 0 3 E - 0 1  0 . 1 6 7 4 9 4 63E+10 0 . 9 6 2 3 8 9 1 1 E - 0 1
- 0 . 5 8 2 8 5 7 6 9 E - 0 1  0 . 1 6 4 1 5347E + 10  0 . 9 4 3 1 9 1 6 5 E -0 1
- 0 . 5 5 1 6 5 7 4 5 E - 0 1  0 . 14 0 3 8 2 1 1 E + 1 0  0 . 8 0 6 6 0 6 4 1 E - 0 1
- 0 . 5 4 8 3 5 8 0 4 E - 0 1  0 . 14 1 8 5 6 9 7 E + 1 0  0 . 8 1 5 0 8 0 4 0 E - 0 1
-O'. 5 1 1 2 8 6 4 8 E - 0 1  0 . 12 0 0 3 4 4 8 E + 1 0  0 . 6 8 9 6 9 3 0 9 E -0 1
- 0 . 5 0 7 5 0 0 1 7 E - 0 1  0 . 1 2 0 0 2 5 6 5 E + 1 0  0 . 6 8 9 6 4 2 4 3 E -0 1
- 0 . 4 7 4 7 6 4 5 2 E - 0 1  0 . 104257 2 8 E + 1 0  0 . 5 9 9 0 4 0 6 5 E -0 1
- 0 . 4 6 1 8 3 7 8 7 E - 0 1  0 . 10 0 2 1 3 9 1 E + 1 0  0 . 5 7 5 8 0 8 1 0 E - 0 1
- 0 . 4 4 1 3 7 2 3 6 E - 0 1  0 . 91 6 4 6 8 4 8 E + 0 9  0 . 5 2 6 5 8 3 4 9 E - 0 1
- 0 . 4 1 2 5 0 5 2 7 E - 0 1  0 . 8 2 7 4 3 8 8 5 E + 0 9  0 . 4 7 5 4 2 9 0 0 E -0 1
- 0 . 4 1 0 5 9 0 5 8 E - 0 1  0 . 81 3 7 7 5 8 7 E + 0 9  0 . 4 6 7 5 7 8 6 2 E -0 1
- 0 . 3 8 1 9 5 8 I 5 E -0 1  0 . 72 8 3 0 4 1 3 E + 0 9  0 . 4 1 8 4 6 8 3 8 E -0 1
- 0 . 3 6 0 3 7 4 3 4 E - 0 1  0 . 67 7 6 0 6 6 6 E + 0 9  0 . 3 8 9 3 3 8 6 9 E - 0 1
- 0 . 3 5 5 1 4 7 4 2 E - 0 1  0 . 6 5 6 6 1005E + 09  0 . 3 7 7 2 7 4 3 4 E - 0 1
- 0 .3 2 9 8 3 7 6 9 E - 0 1  0 . 5 9 5 2 4 9 6 6 E + 0 9  0 . 3 4 2 0 1 7 9 7 E -0 1
- 0 . 3 0 6 5 2 5 9 0 E -0 1 .  0 . 5 5 3 9 0 1 0 6 E + 0 9  0 . 3 1 8 2 5 9 9 3 E - 0 1
- 0 . 3 0 5 7 8 1 5 1 E - 0 1  0 . 542159 1 0 E + 0 9  0 . 3 1 1 5 1 3 4 3 E - 0 1
- 0 , 2 8 2 7 4 4 8 QE-OI 0 . 49 5 9 6 0 5 8 E + 0 9  0 .2 8 4 9 6 8 6 1 E - 0 1
- 0 . 2 6 0 5 4 0 1 4 E - 0 1  0 . 45 5 2 7 6 0 3 E + 0 9  0 .2 6 1 5 9 1 9 7 E - 0 1
- 0 . 2 5 3 1 7 3 4 5 E - 0 1  0 . 45 7 3 0 0 9 9 E + 0 9  0 . 2 6 2 7 5 5 6 4 E - 0 1
- 0 . 2 3 8 9 8 9 5 5 E - 0 1  0 . 41 8 7 2 6 9 1 E + 0 9  0 . 2 4 0 5 9 1 7 3 E -0 1
-O'. 2 1 7 9 3 5 1 4 E - 0 1  0 . 3 8 6 3 1 3 4 7 E + 0 9  0 . 2 2 1 9 6 7 5 5 E - 0 1
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b o u n d - s t a t e  e x a m p le :  a l g a a s / g a a s  i n t e r f a c e
SEQUAL 2.1 7
calculation I of I Bound-State Calculation
Bound—S t a t e  E l e c t r o n  D e n s .  O c c u p a t io n
E n e r g y  (eV) ( /c m * * 2 )  (% o f  t o t a l )
- 0 . 2 0 3 6 3 8 6 0 E - 0 1  0 . 38 4 2 8 8 5 1 E + 0 9  0 . 2 2 0 8 0 4 1 4 E - 0 1
- 0 .1 9 7 2 6 9 1 3 E - 0 1  0 . 35 6 6 5 6 9 0 E + 0 9  0 . 2 0 4 9 2 7 5 1 E - 0 1
- 0 . 1 7 6 8 2 7 9 4 E - 0 1  0 . 3 2 9 7 5 8 7 2 E + 0 9  0 . 1 8 9 4 7 2 5 1 E - 0 1
- 0 .1 5 6 5 1 1 7 8 E - 0 1  0 .3 0 4 2 3 8 3 4 E + 0 9  0 . 1 7 4 8 0 8 9 9 E - 0 1
- 0 . 1 5 4 4 1 0 4 9 E - 0 1  0 . 3 1 4 5 3 0 3 0 E + 0 9  0 . 1 8 0 7 2 2 5 5 E - 0 1
- 0 . 1 3 6 2 1 2 8 2 E - 0 1  0 . 28 1 4 7 7 1 2 E + 0 9  0 . 1 6 1 7 3 0 9 5 E - 0 1
- 0 . 1 1 5 8 3 1 2 0 E - 0 1  0 . 26 0 0 9 4 1 4 E + 0 9  0 . 1 4 9 4 4 4 6 4 E - 0 1
- 0 . 9 7 6 6 6 9 7 9 E - 0 2  0 . 24839.613E+09 0 . 1 4 2 7 2 3 2 1 E - 0 1
- 0 . 9 5 2 8 8 9 7 7 E - 0 2  0 . 24 0 0 9 0 1 4 E + 0 9  0 . 1 3 7 9 5 0 7 8 E - 0 1
- 0 . 7 4 4 9 7 3 1 2 E - 0 2  0 . 2 2 1 4 6 5 5 5 E + 0 9  0 . 1 2 7 2 4 9 4 7 E - 0 1
—0 . 5 3 3 8 2 6 2 8 E - 0 2  0 . 20 4 2 1 9 8 2 E + 0 9  0 . 1 1 7 3 4 0 4 2 E - 0 1
- 0 . 3 4 5 3 7 3 8 1 E - 0 2  0 . 192710 6 6 E + 0 9  0 . 1 1 0 7 2 7 5 1 E - 0 1
- 0 . 3 1 7 9 1 7 3 9 E - 0 2  0 . 18 7 6 6 3 6 5 E + 0 9  0 . 1 0 7 8 2 7 6 0 E - 0 1
- 0 . 8 1 4 7 8 7 8 1 E - 0 3  0 . 1 7 1 7 9670E + 09  0 . 9 8 7 1 0 8 0 5 E - 0 2
TOTAL: 0 .1 7 4 0 4 0 4 4 E + 1 3  /c m * * 2  i n  59 b ou n d —s t a t e s
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b o u n d ^ s t a t e  e x a m p l e :  a l g a a s / g a a s  i n t e r f a c e
SEQUAL 2.1
calculation I of I
p a g e  8 
F i n a l  R e s u l t s
C u r r e n t :
L E F T -to -R IG H T : 
R IG H T -to-LEFT :
T o t a l  C u r r e n t :
0 . OOOOOOE+OO A 
0 . OOOOOOE+OO A
0 . 0 0 0 0 0 0 E + 0 0  A
V o l t a g e . :
I n  I n p u t  F i l e :  
A p p l i e d  B i a s :
T o t a l  V o l t a g e :
- 0 . 8 8 8 4 6 1 E + 0 0  V 
0 . 0 0 0 0 0 0 E + 0 0  V
- 0 . 8 8 8 4 6 1 E + 0 0  V
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